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ABSTRACT 
The application of polymeric materials with uniformly controlled nanostructures 
templated with hexagonal lyotropic liquid crystals (LLC) has potential applications 
in separation technology. The hexagonal LLCs with closely packed columnar 
structures which will in turn result in high pore density and narrow pore size 
distribution in polymeric materials are important for high permeability and 
selectivity. However, retaining hexagonal LLC structure in polymeric materials is 
entropically difficult and often the morphologies generated are not the same as the 
original LLC structure. The overall goal of this thesis is to retain the ordered LLC 
nanostructures in polymeric materials.  
 
In this study, structure retention in cross-linked poly(ethylene glycol) diacrylate (X-
PEGDA) templated with hexagonal LLC formed from ionic or non-ionic surfactant 
has been achieved by controlling the surface tension, reinforcing the polymeric 
material by a silica network, or combining these two methods by using volatile 
solvent with low surface tension associated with silica network reinforcement.  
 
The influences of purifying solvents and drying conditions on structure generation 
templated from LLC were investigated and found that the formation of 
nanostructures was affected by these conditions. The structures formed in the X-
PEGDA hydrogel system were carefully studied during the entire fabrication process, 
and it was found that the surface tension during drying deform the polymer 
nanostructures. Polarized light microscopy, X-ray diffraction and small angle X-ray 
scattering results indicated that the hexagonal LLC structure was successfully formed 
before polymerization and well retained after polymerization and after surfactant 
removal when the surface tension was maintained neutral. By comparing the 
materials dried at different surface tensions, it was found that the original hexagonal 
LLC structure in polymer hydrogels is preserved when zero surface tension is 
achieved. Controlling surface tension during the drying process was identified as a 
key process parameter retaining the nanostructures templated from LLC.  
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As the surface tension during drying deforms the polymer nanostructures templated 
from hexagonal LLC, the X-PEGDA polymer reinforced with a silica network was 
synthesized with an in-situ sol-gel method to resist the surface tension. The LLC was 
formed from the ionic surfactant, dodecyltrimethylammonium bromide (DTAB) / 
water system. A varying content of tetraethoxysilane (TEOS) was introduced before 
polymerization and the introduction of this silica precursor has not obstructed the 
formation of hexagonal phases. After photopolymerization, the hexagonal structures 
were well retained in all samples, even after the samples were heat treated at 140C 
for 2 hours. After surfactant removal and vacuum drying, the samples with 30% and 
50% TEOS without heat treatment possessed the ordered structure while the one 
without heat treatment and with 10% TEOS did not. However, the hexagonal 
structures were all preserved in the samples with 10%, 30% and 50% TEOS with 
heat treatment. This results indicate the contribution of sufficient and well dispersed 
silica network in X-PEGDA gels to the retention of original LLC structures. 
 
The retention of the original hexagonal LLC structure within the X-PEGDA gels by 
reinforcing the gels with a silica network using a non-ionic LLC templating system 
was also studied. A well-dispersed silica network was formed with a non-ionic Brij 
56 /water templating system. The dried samples with 30% and 50% TEOS loading 
preserved the ordered structure. The lattice parameter of the LLC template using Brij 
56 as surfactant is different from that using DTAB, implying that the pore size of the 
materials could be adjusted using different surfactants.  
 
The nanostructure retention by reinforcing the X-PEGDA gels with a silica network 
associated with using a volatile solvent, H-E solvent with a low surface tension, was 
also investigated. The H-E solvent was used to remove the surfactant from the 
samples followed by drying directly from H-E solvent. Comparing with the samples 
dried from ethanol with 10% TEOS loading which did not retain the LLC structure, 
the ones with 10% TEOS loading dried from H-E solvent preserved the LLC 
structure as H-E solvent has a lower surface tension than ethanol. The introduction of 
a silica network improves the morphology of the templated X-PEGDA and material 
hydrophilicity, leading to a change of water contact angle from 59.1° for the pure 
templated X-PEGDA without TEOS loading to 18.6° for 50% TEOS loading. 
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In conclusion, methods have been investigated to retain the ordered nanostructures in 
polymer materials templated from hexagonal LLC, and successful methods have 
been established.  Polymer materials templated from hexagonal LLC not only have 
potential applications as nanofiltration but also in many other fields like tissue 
engineering, catalysis and electrodes. 
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CHAPTER 1 INTRODUCTION 
1.1   Research objectives 
This study aims to retain the ordered nanostructures in polymeric materials templated 
with hexagonal lyotropic liquid crystal. Polymeric materials with uniformly 
controlled nanostructures have many potential applications in areas such as 
nanofiltration membranes, fuel cells, tissue engineering, catalysis and electrodes [1-
5].  
 
Nanofiltration (NF) is a water filtration process using membranes with a pore size 
ranging from 1 to 10 nm. Commercial nanofiltration membranes are produced by 
methods including phase inversion processing, stretching, interfacial polymerization, 
and solution-coating. These membranes still suffer critical technical issues associated 
with their pore size distributions and morphology because their pores are typically 
non-uniform, poorly aligned, and the pore path is often discontinuous through the 
films [6-7]. Advanced methods like track etched, particle assisted wetting and self-
assembly of block copolymers are promising methods for making membranes with 
controlled pores and improved filtration selectivity; however the pore size is mostly 
over 10nm.  
 
It has been demonstrated that carbon nanotube membranes with about 2nm 
cylindrical pores [8-9] have gas and water permeabilities several orders of magnitude 
higher than that of commercial membranes. However, the high cost involved in 
fabricating these carbon nanotube membranes with lithography technology prevents 
them from large scale production. A low cost NF polymer membrane with aligned 
nano pores, templated by hexagonal LLC, perpendicular to the membrane surface 
may have the potential to match the performance of nanotube membranes and 
significantly improve the efficiency of wastewater treatment and desalination 
processes.  
 
Lyotropic liquid crystals (LLC) exhibit periodic nanostructures of hexagonally 
cylindrical structures with the diameter generally less than 10 nm which is the typical 
pore size of NF membranes. Templating hexagonal LLC structure onto organic 
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polymers has been of great interest recently. However, it is entropically difficult to 
maintain the ordered structure of the original LLC phase and often the morphologies 
generated are not the same as the original LLC structure [10-12].  
 
Although many studies have investigated the influences of, for example, 
polymerization kinetics, the length of the surfactant aliphatic tail, repetition rate, and 
photoinitiator segregation [10, 12-16] on structure retention in polymer materials, 
very few papers report that the structures of the original LLC template can be 
retained after polymerization. The retention of ordered LLC hexagonal structure in 
polymeric materials, especially after template removal and after drying, is still a 
great challenge. There has been no study discussing the surface tension during the 
drying process that affects structure retention in polymeric materials and particularly 
no study has reported that the nanostructures can be retained in the final dried 
polymer hydrogels. 
 
The overall goal of this study was to retain the ordered nanostructures in polymeric 
materials templated with hexagonal lyotropic liquid crystals for potential applications 
as nanofiltration membranes with aligned nanopores. The structures formed in the 
system during the entire fabrication process and critical factors affecting structure 
retention were investigated. Structure retention in polymeric materials templated 
with hexagonal LLC formed from ionic or non-ionic surfactant is accomplished by 
controlling the surface tension and reinforcing the polymeric material using a silica 
network. Two methods were used to control the surface tension, one using critical 
point drying with zero surface tension and the other involves the use of a volatile 
solvent with low surface. 
 
 
1.2   Outline of the thesis    
This thesis consists of 6 more chapters as follows: 
 
Chapter 2 provides a theoretical and descriptive background of templating the 
hexagonal lyotropic liquid crystal nanostructure in polymeric materials, and 
discusses previous work relevant to this thesis. 
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Chapter 3 describes the materials used, sample preparation methods and 
characterization techniques. 
 
Chapter 4 provides a detailed investigation of the nanostructure generation by using 
different purifying solvents to remove surfactants and different drying conditions, 
and the results suggested that the surfactant removal and drying conditions affect the 
sample morphology. The retention of nanostructures templated from LLC formed 
with cationic surfactant, DTAB, by controlling surface tension is presented together 
with the effects of surface tension on the deformation of polymer nanostructure 
templated from hexagonal LLC.  
 
Chapter 5 explores the retention of the original hexagonal LLC structure in the X-
PEGDA gels by reinforcing the gels with a silica network to resist the surface tension. 
The hexagonal LLC structure is also formed from the ionic surfactant, DTAB / water 
system. The silica network is obtained via an in-situ sol-gel method catalysed by HCl. 
The effects of the content of the silica precursor, TEOS, and the heat treatment 
during the sol-gel process on structure formation are presented. The formation of a 
well-dispersed silica network helps retain the hexagonal LLC structure in the X-
PEGDA polymer hydrogel as the silica network reinforced X-PEGDA polymer can 
resist the surface tension during drying.   
 
Chapter 6 extends the study of the retention of the original hexagonal LLC structure 
within the X-PEGDA polymer gels by reinforcing the gels with a silica network 
using a non-ionic LLC templating system. In this chapter the nanostructures 
generated using Brij 56 / water system as a template is investigated. Also, the silica 
network is formed through the in-situ sol-gel method using tetraethoxysilane (TEOS) 
as the silica precursor and hydrochloric acid (HCl) as catalyst.  
 
This chapter also investigates the structure retention through reinforcement with a 
silica network associated with a mixed solvent, n-hexane and ethanol (H-E solvent) 
with lower surface tension, to remove the surfactant Brij 56 and dry the templated 
samples from this solvent. 
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Chapter 7 summarizes the major achievements obtained through this research and 
presents suggestions for potential future research in these areas. 
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CHAPTER 2 LITERATURE REVIEW 
2.1  Membrane technology 
Membrane-based separation technology has become a well known commercial 
method over the past decades for water treatment and desaliantion. The main 
advantages of the membrane technology as compared to other methods in 
(bio)chemical engineering are that separations with membranes do not require 
chemical additives and can be carried out continuously for any kind of separation 
with relatively low energy input.  
 
 
2.1.1 Membrane processes and separation mechanisms 
Table 2.1 classifies membranes according to their porous character and separation 
driving force. The categories of pressure driven membrane processes encountered in 
different pore size ranges are shown in Figure 2.1. 
 
Table 2.1 Classification of membranes and membrane processes for separations via 
passive transport [17]. 
Membrane barrier structure Trans-membrane gradient 
Concentration Pressure Electrical field 
Non-porous Pervaporation  Gas separation 
Reverse osmosis 
Electrodialysis 
Microporous pore diameter dp ≤ 2nm Dialysis Nanofiltration  
Mesoporous pore diameter dp = 2-50nm Dialysis Ultrafiltration Electrodialysis 
Macroporous pore diameter dp = 50-
500nm 
 Microfiltration  
 
 
For non-porous membranes, the transport mechanism is considered as the 
solution/diffusion mechanism [18-19]. The separation selectivity between two 
compounds can be determined by the solution selectivity or by the diffusion 
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selectivity. Transport rate and selectivity are mainly dominated by the interactions 
between permeant and membrane material. 
 
 
 
Figure 2.1 Categories of pore size ranges in porous membranes [20]. 
 
For porous membranes, transport rate and selectivity are mainly influenced by 
viscous flow and sieving or size exclusion [21].  
 
The key to the ion-exchange membrane process is a semi-permeable barrier that 
allows passage of either positively charged ions (cations) or negatively charged ions 
(anions) while excluding passage of ions of the opposite charge. 
 
2.1.2 Membrane structure  
The structure of a membrane is critical for its separation performance. The 
membranes are either symmetrical or asymmetrical. The properties of the 
symmetrical membrane do not change throughout the cross section of the membrane 
while the asymmetrical membrane is composed of a thin selective layer and a strong 
support layer giving mechanical strength. Figure 2.2 gives a schematic representation 
of symmetric and asymmetric membranes. 
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Figure 2.2 Schematic drawing of different membrane types. The membranes can be 
made both as fibers (circular) and as flat sheet [22]. 
 
 
2.1.3 Nanofiltration membrane and synthesizing methods 
Nanofiltration (NF) is a filtration process using membranes with a pore size ranging 
from 1 to 10 nm which is between ultrafiltration and reverse osmosis. NF 
technologies are widely used for the production of safe drinking water, and for the 
recovery of reusable water from various industrial effluent streams and municipal 
wastewaters. NF possesses several advantages such as low operating pressure, high 
flux, high retention of multivalent anion salts and organic matters, relatively low 
investment and low operation and maintenance cost [23]. 
 
History of nanofiltration dates back to 1970 when Cadotte discovered that reverse 
osmosis membranes, a nanofiltration membrane with slightly smaller pore size, could 
be made out of polyethyleneimine and toluenediisocyanate, forming a polyurea [24]. 
In 1985, Filmtec started to use the term “nanofiltration” for their NF50 membrane 
which is supposed to be a very open reverse osmosis membrane or a very dense 
ultrafiltration membrane [25]. And one of the first researchers to use this term was 
Eriksson in 1988 [26].  
The most common methods for preparing polymeric membranes include phase 
inversion processing, stretching, interfacial polymerization, and solution-coating.  
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Phase inversion processing 
Most commercial membranes are generally prepared by the phase inversion method, 
which includes thermally induced phase separation, immersion precipitation, 
precipitation by solvent evaporation, and precipitation from the vapour phase [27-28]. 
In these processes, a one-phase casting solution is separated into two separate phases, 
including a solid, polymer-rich phase that forms the matrix of the membrane; and a 
liquid polymer-poor phase that forms the membrane pores. For example, the 
immersion precipitation process, shown in Figure 2.3 and also called Loeb-
Sourirajan technique, involves precipitation of a casting solution by immersion in a 
non-solvent (usually water) bath, and the membrane is formed by the interchange of 
solvent and nonsolvent coagulant due to the diffusion.  
 
 
Figure 2.3 Schematic depiction of the immersion precipitation process: P, polymer; 
S, solvent; NS, nonsolvent [27]. 
 
 
Stretching  
Kurumada et al. [7] reported that the stretching method of producing expanded 
Polytetrafluoroethylene (ePTFE) porous membrane depends on mechanical 
transformation to yield desired porous structure, which is realized via 
macroscopically controlling mechanical operations, not on heat treatment, because 
high heat treatment temperature can soften ePTFE, leading to a smaller specific 
surface area with a less fine porous structure. Guo et al. [6] adopted a co-stretching 
process to reduce ePTFE membrane pore size by a series of mechanical operation: 
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extrusion, rolling, co-stretching of double-layer sheet in longitudinal direction, 
stretching in transverse direction and thermosetting, shown in Figure 2.4. 
  
Figure 2.4 Processing of co-stretching expanded polytetrafluoroethylene porous 
membrane [6]. 
 
 
Interfacial polymerization 
A large number of thin film composite nanofiltration membranes have been 
successfully developed by interfacial polymerization from different polymers such as 
polyurea, polyamides, polyurea-amides, polyimide, polyester, and polysulfonamide 
[29-31].  
 
The skin layer of these membranes is formed on top of a mesoporous support by 
interfacial polymerization. The technique is based on a polycondensation reaction 
between two monomers, which are dissolved in immiscible solvents (water and an 
organic solvent) and the aqueous solution with one monomer component initially 
impregnated on the mesoporous support. The impregnated support is brought into 
contact with the organic solution containing the other monomer component and a 
polymer thin film is quickly formed at the interface.  
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However, the membranes produced through those traditional methods are far from 
ideal with respect to their pore size distributions and morphology because their pores 
are typically non-uniform and poorly aligned, and the pore path is often 
discontinuous through the films. 
 
 
2.2  Novel methods for making membranes with controlled   pores 
2.2.1 Track etched 
Track etch method [32] was developed to prepare membranes with uniform 
cylindrical pores. In this process, a dense polymer film (polycarbonate or polyester) 
is subject to a high energy ion bombardment or particle radiation, leaving small 
tracks that can be etched in an acid or alkaline solution, thereby forming cylindrical 
pores. Although the cylindrical pores generated using this method are uniform and 
continuous across the film, current track-etch membranes have low porosity (usually, 
less than 5 % porosity) and pore sizes are normally over 10 nm. Martin and co-
workers [33-36] reported that electroless plating procedure can be used to deposit 
gold in the pores of commercial track-etch membranes to obtain monodisperse pores 
in molecular dimensions (~1 nm). They further demonstrated that adjusting the 
deposition time can vary the size of these gold nanotubes. These membranes have the 
capability of rejecting molecules based on size differences.  These gold nanotubule 
membranes could also be modified with various functionalities, e.g., using 
chemisorbed carboxylated thiols to prepare pH-responsive membranes [37] and 
introducing charged thiols to the Au tubule walls to prepare the ion transport 
selectivity membranes [38-40]. These gold plated nanomembranes showed very 
promising molecular sieving properties as well as various functionalities. However, 
the mother nature of the track-etch membranes template makes the resulting 
membrane very low porosity (less than 5%), low flux and high cost (using gold) in 
fabrication that limited their uses in practical membrane applications. 
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Figure 2.5 SEM images of track etched membrane [32]. 
 
 
2.2.2 Particle-assisted wetting technique 
This method produces porous membranes by dispersing particles within a 
polymerizable monomer media, followed by monomers cross-linking, and then by 
removing the particle template to generate porous structures.  Xu et al. [41-42] has 
fabricated ultrathin free-standing porous membranes with 55-nm-wide pores via 
Langmuir-Blodgett transfer. However, the thickness of these porous membranes is 
smaller than the diameter of the templating particles which will make the mechanical 
strength very limited. Yan et al. [43] synthesized porous membranes with three-
dimensionally arranged pores by simply spreading a higher amount of particle 
colloids and the structures are shown in Figure 2.6. However the pore size is 
normally over 50nm, which makes them not suitable for nanofiltration.  
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Figure 2.6 SEM images of membranes prepared with 334nm silica particles as 
template [43]. 
 
 
2.2.3 Self-assembly of block copolymers 
Block copolymers [44-48] are capable of forming a variety of self-assembled 
structures, such as lamellar, hexagonal, spherical, and even more complicated 
structures, based on the relative length and incompatibility of the blocks. Some 
phase-separated block copolymers have been used in fabricating ordered, 
nanostructured thin films with narrow pore sizes distributions. For instance, Liu et al. 
[44] developed a process for fabricating potential skin layers for membranes with 
hexagonally packed nanochannels tunable both in functional groups and in channel 
sizes. The strategy utilized involves the preparation of polymer films from poly(tert-
butyl acrylate)-block-poly(2- cinnamoylethyl methacrylate) (PtBA-b-PCEMA) with 
the PCEMA block photocrosslinkable and the PtBA block cleavable by hydrolysis. 
After the tert-butyl groups were cleaved by hydrolysis, the nanochannels are partially 
filled with poly(acrylic acid) (PAA). Changing the molar mass of the PtBA block 
could tune the nanochannel sizes ranging from 10-15 nm. 
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Liu et al. [47] also found that due to the partially filled PAA in the channels, the 
structural change of PAA chains in response to pH, ionic strength and ion type 
caused water permeability to change significantly. These membranes are potentially 
useful in controlled drug release or chemical sensing. 
 
 
 
Figure 2.7 SEM images of self-assembled block copolymer thin films [49]. 
 
 
One of the advantages of using block copolymer self-assembly to fabricate 
nanostructured membranes is that the nanochannels could be orientated 
perpendicular to the surface upon exposure to vapors of certain solvents [45] by 
adding a homopolymer into the block copolymer [47, 50]. For example, Sidorenko et 
al. [45] reported well-ordered nanostructured thin polymer films that were prepared 
from a self assembly of the block copolymers poly(styrene-block-4- vinylpyridine) 
and 2-(4’-hydroxybenzeneazo)benzoic acid (PS-PVP and HABA). Upon exposure to 
the vapor of 1,4-dioxane, nanochannels with a uniform size (ca. 8 nm) were formed 
perpendicular to the membrane surface. Yang et al. [47] reported a new type of 
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membrane with asymmetric film geometry, which has both high selectivity and flux 
for water separation. The support membrane provides mechanical strength and the 
top thin nanoporous layer was formed from block copolymers of poly(styrene-block-
methyl methacrylate) (PS-b-PMMA). With the addition of homopolymer PMMA 
into the PS-b-PMMA, the cylindrical nanodomains tend to be formed perpendicular 
to the surface. Then PMMA homopolymer is selectively removed after the PS matrix 
is cross-linked. The pore diameter in the top layer can be tuned from 10 to 40 nm [47, 
51-52], the cut-off sizes of these membranes can be precisely controlled and the flux 
is about two orders of magnitude higher than the track-etch membranes. 
 
The block copolymer assemblies are promising in making membranes with narrow 
pore size distributions and adjustable, functional nanochannels. However, the 
membranes produced using this method still could not obtain pore sizes in the 
molecular sieving range.   
 
        
2.2.4 Carbon nanotube membranes 
Holt et al. [9] have developed a microelectromechanical systems (MEMS)–
compatible fabrication process for sub-2-nm nanotube pore membranes. The process, 
shown in Figure 2.8, uses catalytic chemical vapor deposition to grow a dense, 
vertically aligned array of double walled nanotubes (DWNTs) on the surface of a 
silicon chip, followed by conformal encapsulation of the nanotubes by a hard, low-
pressure chemical vapor– deposited silicon nitride (Si3N4) matrix. The excess silicon 
nitride is removed from both sides of the membrane by ion milling, and the ends of 
the nanotubes are opened up with reactive ion etching. It has been demonstrated that 
carbon nanotube membranes [8-9] have a gas and water permeability several orders 
of magnitude higher than that of commercial polycarbonate membranes. However, 
the very high cost involved in fabricating these carbon nanotube membranes with 
lithography technology prevents them from large scale production.  
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Figure 2.8 Schematic of the carbon nanotube membrane fabrication process. Step 1: 
microscale pit formation (by KOH etching). Step 2: catalyst deposition/annealing. 
Step 3: nanotube growth. Step 4: gap filling with low-pressure chemical vapor–
deposited Si3N4. Step 5: membrane area definition (by XeF2 isotropic Si etching). 
Step 6: silicon nitride etch to expose nanotubes and remove catalyst nanoparticles 
(by Ar ion milling); the membrane is still impermeable at this step. Step 7: nanotube 
uncapping (reactive ion etching); the membrane begins to exhibit gas or water 
permeability at this step [9].  
 
 
Most of the membranes with controlled pores fabricated using current novel methods 
have either low pore density and permeability or the pore size not suitable for 
nanofiltration. The carbon nanotube membranes with 2nm pores have high pore 
density and permeability; however the cost of fabricating these membranes is high. 
Therefore, a membrane materialwith high pore density and permeability of carbon 
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nanotube membrane but fabricated at a low cost will have the potential for industry 
implementation. 
 
 
2.3  Lyotropic liquid crystal (LLC)  
LLC molecules could self-assemble into highly ordered hexagonal cylinders with the 
size in the 1-10 nm range. Templating this nanostructure to generate aligned pores in 
polymeric materials similar to CNT will have the advantages of all methods 
discussed in this section but less expensive. 
 
2.3.1 LLC definition 
Lyotropic liquid crystals are amphiphilic molecules containing a hydrophobic 
organic tail section and a hydrophilic headgroup (Figure 2.9). These amphiphilic 
molecules can self-organize into ordered fluid assemblies in the presence of an added 
immiscible liquid, typically water [20].  Surfactants are amphiphilic materials whose 
constituent molecules have a molecular structure that includes a polar head group 
and a nonpolar chain. In an immiscible biphasic system, the polar head group of the 
surfactant will closely associate with the polar solvent, and the hydrophobic tails will 
try to minimize their interaction with the solvent and will preferentially organize and 
pack together. 
 
 
Figure 2.9 Schematic drawing of the structure of a monotailed amphiphile [53].  
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2.3.2 LLC molecular structure types  
2.3.2.1 Cationic surfactants  
The most important class of cationic surfactants is referred to “quats”, a shorthand 
term for “quaternary ammonium compound”. Quaternary ammonium compounds 
have four alkyl groups on nitrogen, hence have a positive charge. The general 
properties of quaternary ammonium [54] include: 
 
Solubility:  
 
The quaternary ammonium is generally water soluble when there is only one long 
hydrophobe and correspondingly insoluble in mineral oil, white spirit and 
perchlorethylene. When there are two or more long chain hydrophobes, the products 
become dispersable in water and soluble in organic solvents such as white spirit and 
perchloroethylene.  
Chemical stability: 
 
They are stable to pH changes, acid and alkaline, especially acid, even hydrofluoric 
acid (HF). Quaternary ammonium is incompatible with anionics and compatible with 
non-ionics except alkanolamides with high soap content, polyols with high propylene 
oxide content and hydrophobic ethoxylates. 
 
The mostly used cationic surfactants for lyotropic liquid crystals are: 
 
CH3(CH2)10CH2 N CH3
CH3
CH3
Br-
+
 
Dodecyltrimethylammonium bromide (DTAB) 
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CH3(CH2)14CH2 N CH3
CH3
CH3
Br-
+
 
Cetyltrimethylammonium bromide (CTAB) 
 
 
2.3.2.2  Non-ionic surfactants 
Non-ionic surfactants [54] do not have a charged group and the most common 
hydrophilic group are hydroxyl group (R-OH) and the ether group (R-O-R’). The 
solubility in water of non-ionic surfactants is due to the hydrogen bond between 
water and the hydrophilic group. Non-ionics are chemical stable in a very large 
number of aqueous formulations.  
 
The commonly used non-ionic surfactants for lyotropic liquid crystals are: 
 
 
 
CH3(CH2)15
O
OH
10  
                                                
Polyoxyethylene (10) cetyl ether (Brij 56) 
 
 
CH3(CH2)15
O
OH
20  
Polyoxyethylene (20) cetyl ether (Brij 58) 
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Polyethylene glycol sorbitan monostearate (Tween 60) 
 
 
2.3.2.3  Anionic surfactants 
The anionic surfactants have a linear paraffin chain in the range C12-C16 in the 
hydrophobic group and a polar group at the end. The majority of water soluble 
anionic surfactants available are of the type  
 
                               CCCCCCCCCC-X   
 
X is the hydrophilic group which is ionised and can be: 
 
Carboxylate     RCOO- 
Sulphonate       RSO3- 
Sulphate           ROSO3-         
Phosphate        ROPO(OH)O- 
 
And the most commonly used cations are potassium, sodium, calcium, and 
ammonium, and various amines used principally are monoethanolamine, 
isopropylamine, triethanolamine and diethanolamine.  
 
The properties of anionic surfactants are highly dependent on the anionic groups. For 
example, the ethoxy carboxylates are stable to pH changes and do not hydrolyse in 
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either alkali or acid, while the sulphates are stable at a pH range of 5 to 9.5, but are 
easily hydrolysed when pH is below 3.5.  
 
The mostly used anionic surfactants for lyotropic liquid crystals are: 
 
 
Sodium dodecyl sulfate 
 
 
 
Ammonium lauryl sulfate 
 
 
 
2.3.3 The structures of LLC phases  
Lyotropic liquid crystals (LLC) exhibit periodic nanostructures depending on 
concentration and temperature. The structures are ranging from micelles, lamellar, 
hexagonal to bicontinous (Figure 2.10). As the surfactant concentration increases, the 
salvation of the polar head group of the amphiphile changes, leading to changes in 
the interfacial curvature of the LLC structures and directing the phase behaviour of 
the system. Although the concentration of surfactant is the primary driving force for 
the success of LLC mesophases, the chemical structure and size of the surfactant 
often dictate the LLC morphologies for a particular surfactant / solvent combination. 
For instance, the non-ionic surfactant polyoxyethylene (10) cetyl ether (Brij 56) with 
10 poly(ethylene oxide) (PEO) groups in the polar head can form a hexagonal LLC 
phase, while the same kind of surfactant with 20 PEO groups (Brij 58) will not form 
a hexagonal phase regardless of the concentration of surfactant in water [55].  
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Figure 2.10  An ideal LLC phase progression and common LLC phase designations 
[56].  
 
 
2.3.3.1  The lamellar LLC phase 
This phase is formed of a layered arrangement of amphiphilic molecules. The 
amphiphilic nature of the molecules means that the self-assembly is bilayer in nature 
with two layers being made up of intertwining non-polar chains from oppositely 
directed molecules, where the polar head groups meet is separated by a layer of water. 
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2.3.3.2  The hexagonal LLC phases 
The LLC phases have molecular aggregate ordering which corresponds to a 
hexagonal arrangement. There are two types of hexagonal phases: the hexagonal 
phase (H1) and the reversed hexagonal phase (H2).  
 
The two phases are basically the same except that in hexagonal phase the polar 
chains radiate outwards from the cylinders while in the reversed hexagonal phase the 
non-polar chains do. The phases consist of micellar cylinders of indefinite length 
packed in a hexagonal arrangement. The diameter of the micellar cylinders is 
typically 10 to 30% less than twice the length of an ‘all-trans’ non-polar chain.   
 
 
2.3.3.3  The cubic LLC phases 
This kind of phases is not as common as the lamellar or hexagonal phases. These 
phases are also categorised into normal (Q1) and reversed (Q2) cubic LLC and in 
each case they are composed of large continuous channelled networks which are 
either water continuous (Q1) or non-polar chain continuous (Q2). 
 
 
2.3.4 X-PEGDA as membrane material 
In this study, cross-linked poly(ethylene glycol) diacrylate (X-PEGDA) hydrogels is 
used as a model polymeric material. X-PEGDA has received particular attention in 
the applications of tissue engineering, drug delivery, as well as separation 
membranes [57-61]. Plasticization-enhanced cross-linked poly(ethylene oxide) has 
an excellent separation performance for hydrogen purification by removing acid 
gases such as CO2 and H2S from feed streams of practical interest [59]. X-PEGDA 
exhibited excellent antifouling and solvent-resistant properties when used as an 
ultrafiltration membrane for water treatment [62]. It is found that X-PEGDA 
hydrogels templated with lyotropic liquid crystal (LLC) mesophases has a 100% 
increase in water uptake, a 3-fold increase in mechanical strength, and a 3-fold 
increase in diffusive transport comparing to the nontemplated gels [2]. Besides, X-
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PEGDA is suitable for generating cylindrical nanopore structures templated from the 
normal hexagonal lyotropic liquid crystal (LLC): PEGDA monomer is hydrophilic 
and soluble with water, the hexagonal LLC cylinders can be easily dispersed in the 
continuous phase composed of PEGDA and water.  
 
 
2.3.5 Phase diagrams 
 
 
Figure 2.11 Partial phase diagram of the binary DTAB/water system: L1, micellar 
solution; Ha, normal hexagonal phase; Qa,bicontinuous cubic phase, type Q230(Ia3d 
Gyroid IPMS); La, lamellar phase; crystals, hydrated DTAB crystals. The 
horizontally shaded areas (showing tie lines) indicate a region where two liquid 
crystalline phases coexist and the diagonally shaded areas indicate coexistence 
between a liquid crystalline phase and hydrated crystals. The experimental accuracy 
of this phase diagram is of the order of ±1°C in the temperature axis and ±0.05 wt % 
in the composition axis [63]. 
 
A phase diagram in physical chemistry, engineering, mineralogy, and materials 
science is a type of chart used to show conditions at which thermodynamically 
distinct phases can occur at equilibrium. Phase diagrams for LLC assemblies are 
constructed with amphiphile concentration along the horizontal axis and temperature 
along the vertical axis. Such phase diagrams are often used to show the liquid crystal 
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phase behaviour. Figure 2.11 is a typical phase diagram for DTAB in water [63].  
Figure 2.12 shows the phase diagram for aqueous solutions of 40 wt % PEGDA with 
increasing concentrations of Brij 56 at 27 °C [2]. 
 
 
               
 
 
Figure 2.12 Phase diagram for aqueous solutions of 40 wt % PEGDA with 
increasing concentrations of Brij 56 at 27 °C. Phases are as follows: I ) isotropic, M ) 
micellar solution, MC ) micellar cubic phase, H ) hexagonal phase, Q ) bicontinuous 
cubic phase, and L ) lamellar phase [2]. 
 
 
2.4  Templating hexagonal LLC to polymer material 
The templating of LLC structure can be divided into two major categories: one using 
polymerizable amphiphiles which act as both the surfactant and the monomer [64-65]; 
and the other using LLC (surfactant) as the sacrificial template to be removed after 
the monomer is cross-linked [2, 4]. A diagram showing both templating methods is 
depicted in Figure 2.13. 
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Figure 2.13 (A) Templating scheme for which a polymerizable LLC molecule is 
placed in a polar solvent and aggregates into a specific LLC geometry (in this case 
inverse hexagonal, H2) and then is photopolymerized to lock in the LLC structure. (B) 
The templating scheme in which a non-reactive surfactant forms a hexagonal phase 
in the presence of a polymerizable monomer. Upon photopolymerization, the LLC 
structure can be locked into place after which the non-reactive surfactant is removed 
from the system [66].  
 
 
2.4.1 Reactive LLC  
The studying of polymerization of reactive LLC was started with the finding that the 
polymerization of amphiphiles sodium 10-undeconoate or methyldodecylammonium 
bromide was effective only when the monomer concentration exceeds the critical 
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micelle concentration (cmc) that in turn generates a localization of reactive groups 
within the micelle core [67-71]. Nagai and Ohishi [70] reported that the rate of 
polymerization of the cationic amphiphile monomers was highly dependent on the 
monomer geometries. With increasing chain length of alkyl group of the monomer, 
the polymerization rate increases greatly. Lester et al. [71] studied the relationships 
between the polymerization kinetics of reactive LLC and the self-assembled LLC 
phase prior to polymerization. They demonstrated that the rate of polymerization was 
significantly increased in samples with increased order such as in lamellar which was 
due to a decrease in termination rate, and the polymerization behaviour and 
morphology have a tremendous impact on the resulting polymer. The location of the 
reactive groups, whether on the tail or head of the LLC monomer, also has a great 
influence on the generation of LLC structure and polymerization kinetics [72].  
 
Besides the studies of the polymerization behaviour of reactive LLC, research on the 
use of it in the generation of controllable nanostructured polymer materials has 
obtained a lot of interest [73-75]. The proposed applications of materials with 
nanometer scale pores include membranes for gas separations, breathable chemical 
protective wear and water separation.  
 
 
2.4.1.1 Gas separations  
Noble, Gin and coworkers have fabricated novel, nanostructured lyotropic liquid 
crystal polymer membranes [76] for gas separations. They found that cross-linked 
films with and without an ordered hexagonal nanostructure, but with the same 
chemical composition, exhibit different gas solubility, diffusion and permeability 
properties. The presence of an ordered nanostructure was observed to slow diffusion 
of all gases, but increase solubility and permselectivity in CO2 separations. 
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Figure 2.14 Formation of the 1-BR garment material with a type I bicontinuous 
cubic (QI) phase architecture, and its selective transport of water vs. DMMP vapor 
[77]. 
 
2.4.1.2   Breathable chemical protective wear 
Selectively “breathable” composites were firstly synthesized by Elloitt, Gin and co-
workers [78] by copolymerizing LLC H2 phase monomers with butyl rubber (BR). 
The addition of H2 domains into BR was found to increase the water vapour 
transport through the composite by over four orders of magnitude compared to pure 
cross-linked BR. In contrast, the permeability of a chemical warfare simulant, 
chloroethyl ethyl sulfide (CEES), increased only by a factor of 75%. Later, they 
cross-linked the LLC bicontinuous cubic (Q1) phase with BR to form the selectively 
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“breathable” membrane (Figure 2.14). This kind of membranes possess better 
properties compared with using the H2 phase [77]. 
 
 
2.4.1.3   Water nanofiltration 
 
 
 
Figure 2.15 Molecular size-selective aqueous NF using a supported LLC membrane 
with a cross-linked H2 phase top-layer [56].  
 
 
Gin and co-workers [64] have also introduced a three-tailed, wedge-shaped 
photopolymerizable LLC exhibiting the H2 structure  to fabricate a functional 
nanofiltration thin film on a commercial porous polysulfone (PSf) membrane support. 
It can filter anionic dye molecules from aqueous solution (Figure 2.15). However 
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these H2 phase LLC membranes have lower water flux than the commercially 
available NF membranes.  
 
Gin and co-workers [79] also synthesized a new type of membrane materials for 
water desalination based on a cross-linked bicontinuous cubic lyotropic liquid crystal 
assembly. 
 
However, as these reactive LLC should have specific geometries, it is still at 
laboratory scale.  
 
 
2.4.2 Templating LLC onto organic materials 
The major advantages of templating non-reactive LLC onto polymer materials to 
generate ordered nanostructures over the reactive surfactant systems include 
significant flexibility in surfactant selection for this promising technique and the 
ability to template controlled nanostructure onto variety of common, inexpensive 
monomers.  
 
A nanofiltration (NF) membrane with aligned nano pores, templated by hexagonal 
LLC, perpendicular to the membrane surface will have the potential to match the 
performance of nanotube membranes and significantly improve the efficiency of 
wastewater treatment and desalination processes. 
 
However, it is entropically difficult to maintain the ordered structure of the original 
LLC phase and often the morphologies generated are not the same as the original 
LLC structure [10-12]. Studies of different effects on structure retention in polymer 
materials give us better understanding on structure generation from LLC templating, 
for example photopolymerization is found to be a better option than thermal 
polymerization for LLC structure retention upon polymerization. Some studies 
demonstrate that after polymerization and before surfactant removal polymeric 
materials resemble the original template [80], while other studies show that the 
material morphologies are quite different from the original LLC [12].  A few studies 
reported the structure of the dried materials developed after surfactant removal [10-
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11]; however none of these show the ordered original LLC structure. Retaining the 
original LLC after surfactant removal and drying is a great challenge recently. 
 
Some effects on structure generation reported are as followings:   
 
2.4.2.1  Polymerization mechanism 
It has been proven that polymerizations in ordered media behave significantly 
different from those in an isotropic state. Lester et al. [80] reported that the 
polymerization rate of poly(ethylene glycol)-400 dimethacrylate in lamellar phases is 
higher than that in hexagonal and cubic phases, and is about 2.5 times higher than 
that in isotropic phases. They demonstrated that the decrease of the termination rate 
in higher ordered phases is the main contribution to the faster polymerization rate. 
DePierro et al. [10] compared the influence of photo- and thermal polymerization at 
the same temperature on the retention of LLC structure on templated polyacrylamide. 
This research indicated that a much better retained structure was obtained using 
photopolymerization with higher polymerization rate than using thermal 
polymerization. The more rapid initiation and polymerization rate of 
photopolymerization allows significant cross-linking of the acrylamide which traps 
the structure of LLC template within the growing polymer network before phase 
separation can happen [13, 80]. Besides, unlike thermal polymerization, 
photopolymerization reactions are relatively independent of temperature, which can 
be initiated at a temperature the LLC template is stable. The presence of water in 
most LLC assemblies has little effect on photopolymerization and many different 
monomers can be polymerized through free radical, anionic, or cationic 
polymerization by selecting appropriate photoinitiator [81].  
 
 
2.4.2.2  Monomer structure 
The effects of monomer structure on their polymerization in liquid crystals were 
studied by Guymon et al. [14]. They found that photopolymerizable diacrylate 
monomers in smectic liquid crystals showed significant spatial segregation and 
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orientation depending on monomer structure. Small, flexible monomers like 1, 6-
hexanediol diacrylate (HDDA) orient parallel to the smectic layers and intercalated, 
while the rod-shaped mesogen-like monomers, for example 1,4-di-(4-(6-
acryloyloxyhexyloxy)benzoyloxy)-2-methylbenzene (C6M), orient normal to the 
smectic layers. The polymerization rates were dramatically enhanced by this spatial 
segregation due to the smectic layering; for HDDA, termination rates were reduced, 
and for C6M, both termination and propagation rates were increased. 
 
 
2.4.2.3  Photoinitiator  
DePierro et al. [16] studied the influence of segregation of photoinitiator on the 
polymerization kinetics in lyotropic liquid crystals. The chemical structure and 
mobility difference of photoinitiators causes initiators to partition in separate LLC 
domains and can result in much different polymerization behaviour.  When 
hydrophilic and more mobile initiators, which display favourable interaction with 
water are used, the polymerization trend is governed primarily by monomer and 
diffusional effects. While using the bulkier, hydrophobic initiators, the 
polymerization is much less dependent on these effects. Unlike   a decreased 
polymerization rate usually observed at higher surfactant concentrations, the 
polymerization rate of oil soluble monomers with bulkier, hydrophobic initiators 
increases with increasing of surfactant concentration.  This is caused by the increase 
of initiator efficiency of the bulky, hydrophobic initiator in the surfactant rich 
environment.   
 
 
2.4.2.4  Surfactant length 
LLC mesophase formation is dependent on a number of factors, e.g. volume of the 
organic portion, area of the amphiphilic head group, and critical packing parameter 
[82]. The parameters of surfactants also have effects on nanostructures in polymeric 
materials templated from these LLC mesophase. Sievens-Figueroa and Guymon [12] 
reported the effect of aliphatic tail length on photopolymerization kinetics and 
hexagonal structural evolution of reactive lyotropic liquid crystals. It is found that the 
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longer the non-polar tail in the amphiphilic molecule, the less ordered hexagonal 
phases are formed. 
 
 
2.5  Surface tension and drying process 
It is our hypothesis that the surface tensions during drying process would deform the 
original LLC structure to a great extent. Maintaining low surface tension during the 
drying process is essential to retain the formed nanostructures.  
 
2.5.1 Surface tension 
2.5.1.1 Definition  
Surface tension is a property of the surface of a liquid that allows it to resist an 
external force. The cohesive forces among the liquid molecules are responsible for 
this phenomenon of surface tension. In the bulk of the liquid, each molecule is pulled 
equally in every direction by neighboring liquid molecules, resulting in a zero net 
force. The molecules at the surface do not have other molecules on all sides of them 
and therefore are pulled inwards. This creates some internal pressure and forces the 
liquid surface to contract to the minimal area. 
 
 
2.5.1.2  Measurement 
Surface tension can be measured using force tensiometers or optical tensiometers 
(also known as contact angle meter or goniometer). Specific technologies such as 
volumetric tensiometry and bubble tensiometry can also be used. 
 Force tensiometry 
The measurement of surface and interfacial tension as performed by a force 
tensiometer is based on force measurements of the interaction of a probe with the 
surface of interface of two fluids.  
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Optical tensiometry  
 Surface and interfacial tension can be measured with a Theta optical tensiometer by 
a so-called pendant drop shape analysis (or reverse pendant drop), shown in Figure 
2.16. The shape of a drop of liquid hanging from a syringe tip is determined from the 
balance of forces which include the surface tension of that liquid. The surface or 
interfacial tension at the liquid interface can be related to the drop shape through the 
following equation: 
                                  γ = Δρg  R02 / β (1.1) 
 where γ = surface tension 
         Δρ = difference in density between fluids at interface 
         g = gravitational constant 
         R0 = radius of drop curvature at apex 
         β = shape factor 
The shape factor, β, can be defined through the Young-Laplace equation expressed 
as 3 dimensionless first order equations as shown in Figure 2.16. Modern 
computational methods using iterative approximations allow solution of the Young-
Laplace equation for β to be performed. Thus for any pendant drop where the 
densities of the two fluids in contact are known, the surface tension may be measured 
based upon the Young-Laplace equation. This approach represents a significant 
improvement, in both simplicity and accuracy, from traditional methods. This 
method has advantages in that it is able to use very small volumes of liquid and 
measure very low interfacial tensions and molten materials easily. High quality 
surface and interfacial measurements can be made with this method using an 
Attension Theta or Theta Lite optical tensiometer.   
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Figure 2.16 Surface tension measurement: Pendant drop shape analysis. 
 
 
2.5.2 Contact angle 
In 1805, Thomas Young [83] proposed treating the contact angle of a liquid as the 
result of the mechanical equilibrium of a liquid drop laying on a plane solid surface 
under the action of three surface tensions, shown in Figure 2.17. The three surface 
tensions are γl-a at the interface of the liquid and gaseous phases, γs-l at the interface 
of the solid and the liquid, and γs-a at the interface of the solid and gaseous phases. θ 
is the contact angle of liquid on solid surface. Hence,  
γ୪ିୟ. cos θ +  γୱି୪ =  γୱିୟ                                       (1.2) 
 
The concept of the contact angle and its equilibrium gives a definition to the notion 
of wettability and demonstrate the surface parameters need to be measured [84]. 
When the liquid wets the solid completely and spreads freely over the surface at a 
rate depending on the liquid viscosity and solid surface roughness, θ = 0°; when 
liquid is nonspreading, θ ≠ 0°. Early experiments revealed that every liquid wets 
every solid to some extent, so θ ≠ 180°. On a homogeneous solid surface, angle θ is 
independent of the volume of the liquid drop. The contact angle θ is a useful measure 
of surface hydrophobility/hydrophilicity.  
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Figure 2.17 Contact angle of a sessile drop. 
 
 
2.5.3 Destruction of surface tension during drying 
Maintaining low surface tension during a drying process is essential to retain the 
formed nanostructures as a high surface tension will deform the structure to a great 
extent. Large surface tension during vacuum or air drying has been identified as the 
main cause leading to the collapse of structures. For example, when working on 
polysaccharide hydrogels, Valentin et al. [85] observed that the freeze-drying process 
or air drying resulted in materials of a low surface area due to the formation of 
compact solids. The microstructure can even become totally different from the 
original ones for bacteria and biofilm after air drying as the internal fibrous and 
spherical microstructures can be distorted, indistinct and collapsed [86].  
 
Namatsu et al. [87-88] demonstrated the deformation of silicon line patterns with 
channel edges touched or collapsed caused by surface tension during N2 gas drying. 
Figure 2.18 is the model they proposed showing the cause of the silicon line collapse. 
There is a stress, σcrit, at which Si patterns begin to distort. It is given by,  
                          σୡ୰୧୲ = ଺ஓୡ୭ୱ஘ୈ ቀ
ୌ
୛ቁ
ଶ
                      (1.3) 
where γ is the surface tension of the rinse solution; θ, the contact angle; D, the line 
spacing; H, the line height; and W, the line width. According to this equation, 
patterns collapse when D is too small; the aspect ratio, H/W, or γ is too large. Figure 
2.19 shows the relationship between pattern collapse, line spacing and aspect ratio. 
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The lines represent the border between the region of stability and the region of 
collapse. 
 
 
Figure 2.18 Schematic illustration of line patterns used in these experiments 
showing the rinse solution remaining between two lines [87].  
 
 
 
 
Figure 2.19 Relationship between pattern collapse, line spacing and aspect ratio. The 
lines indicate the border between the region of stability and the region of collapse 
[88]. 
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2.5.4 Critical point drying 
2.5.4.1 Definition  
Critical point drying was first employed in 1951 by Anderson [89] to avoid the 
structure deformation caused by surface tension. Critical point drying (CPD) is based 
on the principal that many liquids have a critical temperature-pressure point at which 
the density of the liquid and gaseous phases is identical. At this critical point, the 
exchange of molecules between gas and liquid phases is equal and the surface 
tension is zero.    
 
Figure 2.20 Phase diagram of CO2. 
 
 
The high critical temperature and pressure for water (648K, 22.12MPa) prevents it 
from being used directly with soft and biological material. In contrast, carbon 
dioxide has low critical temperature and low critical pressure of 304K and 7.39MPa, 
respectively. Figure 2.20 shows the phase diagram of CO2. Liquid carbon dioxide is 
miscible with 100% ethanol, methanol, and acetone, and samples totally immersed in 
one of these chemicals after dehydration can be transferred directly to liquid carbon 
dioxide. 
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CPD has proven to be an efficient method for preserving the volume and microscopic 
texture of polysaccharide gels [85], enhancing internal filamentous structures of 
biofilms [86], and retaining the structure of porous silicon [90], as it avoids the 
structure damage caused by surface tension during drying. Liquid carbon dioxide 
(CO2) is commonly used for critical point drying due to its low critical temperature 
and pressure [91]. Critical point drying of molecularly imprinted polyacrylamide 
hydrogels has been reported by Hawkins et al. [92] where the template molecules are 
bovine haemoglobin (BHb) of size approximately 5-50 nm. In that work, retention of 
the molecularly imprinted cavities after removal of the protein molecules is desired 
in the dried hydrogel in order to image the cavities developed for selective molecular 
recognition. 
 
 
2.5.4.2 Facility  
 
 
Figure 2.21 Sectional diagram of a critical point dryer [91]. 
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The critical point apparatus is complicated and the procedures are potentially 
hazardous because high liquid and gas pressures are involved. A high pressure vessel 
is water cooled and equipped with a sturdy port to insert the sample, inlet and outlet 
valves for liquid and gaseous CO2, a small heater, thermocouple, and a pressure 
gauge. This high pressure vessel is linked to a liquid CO2 cylinder fitted with a 
siphon tube to ensure that liquid CO2 is fed into the critical point dryer. 
 
There are a large number of companies who manufacture and market critical point 
dryers, including Emitech Ltd., Structural Probe Inc., Tousimis MEMS Products, 
Ladd Research, and ProSciTech, Quorum Technologies. Figure 2.21 shows a 
diagram of a typical critical point dryer. 
 
 
2.5.5 Chemical drying  
Alternative to CPD, samples drying from some of the volatile organic liquids with an 
appreciably low surface tension, such as ether, hexamethyldisilazane (HMDS), 
hexane, diminish the problems associated with surface tension. Nation [93] reported 
a rapid air drying procedure using HMDS to prepare soft internal tissues from insects: 
the tissues were fixed in 1% glutaraldehyde, dehydrated through a graded ethanol 
series, immersed in HMDS for 5 minutes, and dried in air. The tissues did not shrink 
or distort and preserved excellent surface details. Doucet and Bradley [94] reported a 
method for preparing SEM particle samples by spin drying the samples from volatile 
solvent such as hexane in vacuum to avoid sample agglomeration. Perdigao et al. [95] 
compared four different drying techniques for human dentin: air drying, CPD, 
HMDS drying, Peldri II drying. The air-dried human dentin specimens displayed 
signs of collagen collapse and shrinkage. The specimens drying by CPD, HMDS 
drying and Peldri II drying all preserved the structures, and HMDS drying samples 
were the best. Drying samples from volatile organic liquids with an appreciably low 
surface tension would be a good option for preserving the LLC templating structures 
in cross-linked PEGDA hydrogels.  
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2.6  Silica network  
As the surface tension during drying deforms the polymer nanostructures templated 
from hexagonal LLC, reinforcing the polymer with a silica network to resist the 
surface tension would help the structure retention of polymeric materials.  
 
2.6.1 Silica network reinforcement on material structure 
Addition of silica produces a mechanical reinforcing effect in the polymeric matrix 
as well as the thermal stability [96-100]. It has been demonstrated that in organic and 
inorganic hybrid membranes, silica not only suppressed the swelling of polymer 
membrane, but also improved the separation performance due to the hybrid structure 
formed between silica and polymer matrix [96, 101-102]. Kang et al. [103] has 
reported that when lower-molecular-weight block copolymers used as photonic gels, 
the optical properties of the swollen photonic gels disappear when the gels dry. The 
strategy of the infiltration of silica within swollen photonic polystyrene-block-poly 
(2-vinylpyridine) (P2VP) gels fixed the self-assembled lamellar structure, and in turn 
tailors the stop bands across the full visible portion of the spectrum 400-800nm.  
 
2.6.2 Preparation of silica through sol-gel method 
The sol-gel process is a conventional method for preparing inorganic oxides from a 
solution of alkoxide precursors [104-106]. The process consists of hydrolysis and 
condensation reactions which are typically catalysed with an acid or a base. Equation 
(1.4) shows the overall reaction. However, the reaction from an alkoxysilane to a 
solid silica material may take place through many different intermediates, as shown 
in equations (1.5) – (1.9).   
 
                   
                   Si(OR)ସ
ୌమ୓,ୡୟ୲.ር⎯⎯⎯ሮ≡ Si − O − Si ≡ +ROH + HOH                  (1.4) 
 
                   Si(OR)ସ + HଶO   ⇌    HOSi(OR)ଷ + ROH                             (1.5) 
                  HOSi(OR)ଷ + HଶO   ⇌    (HO)ଶSi(OR)ଶ +  ROH                 (1.6) 
CHAPTER TWO 
41 
 
                 (HO)ଷSi − OR +  HଶO   ⇌    Si(OH)ସ +  ROH                        (1.7)  
≡ SI − OR + HO − Si ≡   ⇌   ≡ Si − O − Si ≡  +ROH         (1.8) 
≡ SI − OH +  HO − Si ≡   ⇌   ≡ Si − O − Si ≡  +HOH        (1.9) 
 
Tetraethoxysilane (TEOS) are mostly used as starting materials for silica network to 
be formed in the sol-gel process. The morphology and properties of silica are 
dependent on variable factors such as the pH of the reaction medium, the ratio of 
water and catalyst to the alkoxide, and the reaction temperature. The basic structure 
or morphology of the silica can range anywhere from discrete colloidal particles to 
continuous chain-like polymer networks. 
 
Under certain chemical conditions (typically in base-catalyzed sols), the particles 
may grow to sufficient size to become colloids, which are affected both by 
sedimentation and forces of gravity. The Stober method [107] produces colloidal 
silica spheres by the hydrolysis and condensation of silicon alkoxides, such as TEOS, 
in alcohol solvents in the presence of water and a base catalyst (e.g., ammonia 
aqueous solution). By using the Stober method, it is possible to achieve excellent 
control of particle size, narrow size distribution, smooth spherical morphology silica 
[108], microporous silica [109], and mesoporous silica particles [110].  
 
Under certain chemical conditions (typically in acid-catalyzed sols), the interparticle 
forces have sufficient strength to cause considerable aggregation and/or flocculation 
prior to their growth [103-104, 111]. The formation of a more open continuous 
network of low density silica demonstrates certain advantages with regard to physical 
properties in the formation of high performance silica components in 2 and 3 
dimensions. 
 
In both cases (discrete particles or continuous polymer network) the sol evolves the 
formation of an inorganic network containing a liquid phase (gel). The formation of a 
metal oxide involves connecting the metal centres with oxo (M-O-M) or hydroxo 
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(M-OH-M) bridges, therefore generating metal-oxo or metal-hydroxo polymers in 
solution. 
 
The dispersion of the silica network or nanoparticles in polymer matrix is very 
important for improving the mechanical properties and structure stability. Liu and 
Kontopoulou [112] demonstrated that the more effectively dispersed nanosilica in the 
polymer matrix improves Young’s modulus, tensile stress and impact properties. 
However, the pre-prepared silica nanoparticles are hard to disperse uniformly in 
polymer matrix as they tend to aggregate. The in-situ sol-gel process is one of the 
most efficient methods for dispersing silica network in polymer matrix. 
 
 
2.6.3 Structural relaxation 
The structural relaxation of a viscoelastic silica gel has been identified as primary 
mechanism contributing to densification and associated pore evolution in both 
colloidal and silica network gels. Experiments in the viscoelastic properties of such 
skeletal networks on various time scales need a force varying with a period (or 
frequency) appropriate to the relaxation time of the phenomenon, and inversely 
proportional to the distance over which such relaxation occurs. High frequencies 
associated with ultrasonic waves have been used extensively in the determination of 
viscoelastic properties of polymer solutions, liquids and gels. Static measurements of 
the shear modulus have been made, a measurement which then yields the dynamic 
modulus of rigidity [113-115].  
66666possib 
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CHAPTER 3 MATERIALS AND METHODOLOGY 
 
3.1 Introduction 
It has been demonstrated that favourable nanostructures with smooth surface such as 
these of carbon nanotubes [8-9] can have a gas and water permeability several orders 
of magnitude higher than that of commercial polycarbonate membranes. However, 
the very high cost involved in fabricating these carbon nanotube membranes with 
lithography technology prevents them from large scale production.  An X-PEGDA 
nanofiltration (NF) membrane with aligned nano pores, template by hexagonal LLC, 
perpendicular to the membrane surface may have the potential to match the 
performance of nanotube membranes and significantly improve the efficiency of 
wastewater treatment and desalination processes.  
 
In this study, the hexagonal LLC phase was used as the template to generate 
cylindrical pores in X-PEGDA. Figure 3.1 represents the main LLC templating 
process: first the surfactants were dispersed in monomers to form hexagonal phase, 
then the monomers were photopolymerized followed by surfactant removal, and 
finally nanoporous structure with cylindrical pores was achieved. The 
photopolymerization method was chosen because it offers rapid initiation rate, which 
enables better template structure retention by allowing the growing polymer to cross-
link before phase separation can happen [13]. Cross-linked poly(ethylene glycol) 
diacrylate (X-PEGDA) hydrogels is used as a model polymeric material. X-PEGDA 
is an excellent material in the applications of tissue engineering, drug delivery, as 
well as separation membranes [57-61]. Besides, X-PEGDA is suitable to generate 
cylindrical nanopore structures templated from the normal hexagonal lyotropic liquid 
crystal (LLC): PEGDA monomer is hydrophilic and soluble with water, the 
hexagonal LLC cylinders can be easily dispersed in the continuous phase composed 
of PEGDA and water. 
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Figure 3.1 Representative LLC templating process. 
 
This chapter describes the materials, fabrication process, and facilities used for 
material characterization in this thesis. First, all the chemicals and reagents are listed 
including the main chemical structures. Then, methods for sample preparation are 
outlined. The facilities used to characterize the properties of materials including 
crystalline structure, chemical analysis, morphological structures, thermal properties, 
hydrophilicity and surface tension are all discussed.  
 
 
3.2 Materials  
Monomer:  
Polyethylene glycol diacrylate (PEGDA) (n=11, MW=575 g/mol) was purchased 
from Sigma-Aldrich. 
 
Surfactants:  
Brij 56, dodecyltrimethylammonium bromide (DTAB) (99%) were purchased from 
Sigma-Aldrich. 
 
Photoinitiator: 
2-hydroxy-2-methylpropiophenone (2-2) (97%) was purchased from Sigma-Aldrich. 
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Figure 3.2 Structures of main chemicals. 
 
Silica precursor:  
Tetraethoxysilane (TEOS) (99%) was purchased from Merck Chemicals. 
Water:  
Deionised water (16MΩ at 25°C) (DI water) was produced in lab using Direct-Q 3 
Water Purification System from Millipore. 
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Surfactant removal solvents: 
Ethanol (99.7%) were purchased from Merck Chemicals; hexane and ethanol mixed 
solvent at a volume ratio 15: 1 (H-E solvent); and DI water. 
Other chemicals: 
Methanol (99.8%) was purchased from VWR International Ltd. Hexane (98.0%) and 
hydrochloric acid (HCL) (37 wt%) were purchased from Merck Chemicals. 
All chemicals were used as received. The structures of main chemicals are listed in 
Figure 3.2. 
 
 
3.3 Nanostructure generation templated from LLC 
Nanostructure generation in X-PEGDA polymer templated from LLC formed from 
Brij 56 / water system will be studied. The effects of different purifying solvents to 
remove surfactants and different drying conditions on nanostructure generation will 
be investigated. The results will be discussed in section 4.2.  
 
The sample preparation procedures are: 
 
LLC solutions were synthesized by mixing PEGDA/Brij56/2-hydroxy-2-
methylpropiophenone (2-2) /deionized water in a ratio of 40 / 35 / 0.5 / 24.5 (by 
weight).  Mixture was stirred in a 50 ˚C water bath for 20 minutes to obtain a 
homogenous solution, which was then cast on a glass sheet. The samples were sealed 
in a glove box under argon atmosphere before being placed under a 300-400nm 
ultraviolet (UV) light source (intensity 2.0 mW/cm2, 10 minutes) for 
photopolymerization. After polymerization, the samples were purified by distilled 
water or absolute ethanol to remove Brij 56 and unreacted monomer, and then dried 
either in a vacuum oven or in air at room temperature. 
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3.4 Structure retention methods 
3.4.1 Controlling surface tension 
Maintaining low surface tension during the drying process is essential to retain the 
formed nanostructures. To examine the effect of surface tension on the retention of 
nanostructure, a material showing surface tension under different conditions during 
the preparation will be studied. The LLC system was prepared by mixing surfactant 
(DTAB), monomer (PEGDA), deionised water, photoinitiator (2-2) and methanol 
(100 / 97 / 45.5 / 0.97 / 28.8 by weight). The mixture was stirred in a 50 ˚C water 
bath for 20 minutes to obtain a homogenous solution, which was then cast on a 
quartz glass sheet and sealed. A flow of nitrogen was introduced for 30 minutes to 
replace air and evaporate methanol before being placed under a 300-400nm UV light 
source (intensity 2.0 mW/cm2) for 20 mins for photopolymerization.  
 
The retention of the hexagonal LLC structures was examined by controlling the 
surface tension. After polymerization, the samples were immersed in a large quantity 
of deionised water to remove DTAB, and during this procedure the surface tension 
maintained neutral. Then the samples were dried by air or vacuum with a high 
surface tension forces, or critical point drying with carbon dioxide with zero surface 
tension forces.  For critical point drying, the samples were dehydrated by immersing 
in a series of successive water-ethanol baths with increasing ethanol ratio (v/v) of 2 : 
1, 1 : 1, 1 : 2, 0 : 2  for 6 hours each. Finally the samples were dried under carbon 
dioxide at critical point (304 K, 7.39 MPa) in a BAL-TEC 030 apparatus. 
 
This sample preparation method is related to Chapter 4, and it is found that original 
hexagonal LLC structure in polymer hydrogels is preserved when zero surface 
tension is achieved. Therefore controlling surface tension during the drying process 
can retain the nanostructures templated from LLC.  
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3.4.2 Silica network reinforcement – ionic surfactant 
As the surface tension during drying deforms the polymer nanostructures templated 
from hexagonal LLC, it is believed that a stronger network that can offset the surface 
tension would help resist the structure destruction of surface tension during drying. 
 
Silica network is introduced into the polymer matrix by in-situ sol-gel method to 
retain the LLC structure. LLC system was prepared by mixing cationic surfactant 
(DTAB), monomer (PEGDA) + TEOS, deionised water, photoinitiator (2-2) and 
methanol (100 / 97 / 45.5 / 0.97 / 28.8 by weight). The percentages of TEOS 
mentioned below were based on the weight of monomer and TEOS. HCl as a catalyst 
was added to adjust the system pH to 2.0. The order of chemical addition was, 
PEGDA, water, 2-2, DTAB and methanol. The solution was mixed in a 50 ˚C water 
bath for about 5 minutes to form a homogeneous solution, then TEOS was added 
drop wise with vigorous stirring followed by HCl addition. The mixture was 
continuously stirred in the 50 ˚C water bath for 2 hours, then left for 2 days for the 
hydrolysis and condensation reaction to take place. The resulting mixture was then 
cast on a quartz glass sheet and sealed. A flow of nitrogen was introduced for 30 
minutes to replace air and evaporate methanol before being placed under a 300-
400nm UV light source (intensity 2.0 mW/cm2) for 20 minutes for 
photopolymerization. After polymerization, some samples were put in a fan forced 
oven for heat treatment at 140 ˚C for 2 hours. The samples with or without heat 
treatment were immersed in a large quantity of deionised water to remove DTAB 
followed vacuum drying.  
 
This sample preparation method is related to Chapter 5.  
The results indicated that the introduction of sufficiently well-dispersed silica 
network into the X-PEGDA gel stabilize the hexagonal structure as the silica 
network reinforced X-PEGDA polymer can resist the surface tension during drying. 
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3.4.3 Silica network reinforcement associated with a volatile solvent at low 
surface tension  
3.4.3.1 Silica network reinforcement - non-ionic surfactant 
To investigate the nanostructure retention through reinforcing X-PEGDA with a 
silica network templated from non-ionic surfactant Brij 56 / water system. LLC 
system was prepared according to the method described in Section 3.4.2.1 except that 
non-ionic surfactant Brij 56 is used instead of cationic surfactant DTAB and Brij 56, 
monomer (PEGDA) + TEOS, deionised water, photoinitiator (2-2) in a ratio of 40 / 
35 / 0.5 / 24.5 (by weight). At the last step, the samples with or without heat 
treatment were immersed in a large quantity of ethanol to remove Brij 56 followed 
vacuum drying. 
 
This sample preparation procedure is related to Section 6.2 and the results suggested 
that Sufficiently well-dispersed silica network helps X-PEGDA polymer hydrogel 
retain the hexagonal LLC structure formed from non-ionic surfactant, Brij 56 / water 
system. 
 
 
3.4.3.2 Silica network reinforcement associated with a volatile solvent at low 
surface tension 
Knowing that surface tension during drying deforms the nanostructure and 
sufficiently well-dispersed silica network stables the nanostructure templated from 
LLC, we studied the structure retention through reinforcement with a silica network 
associated with a mixed solvent n-hexane and ethanol (H-E solvent) with lower 
surface tension to remove the surfactant Brij 56 and dry the templated samples from 
this solvent. 
 
LLC system was prepared according to the method described in Section 3.4.2.2 
except at the last step where the samples with or without heat treatment were 
immersed in a large quantity of hexane and ethanol mixed solvent at a volume ratio 
15: 1 (H-E solvent) to remove Brij 56 followed vacuum drying. 
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This sample preparation procedure is related to Section 6.3. 
 
 
3.5 Characterization technologies 
3.5.1 Crystalline structure charaterization 
Polarized light microscope (PLM) 
PLM (Olympus BH2-UMA) was utilized to characterise textures of the mesophase of 
samples before and after photopolymerization. Images from PLM were analysed for 
birefringent light patterns that are characteristics of specific LLC nanostructure. 
Liquid samples were placed between a glass slide plate and cover slip on the 
microscope stage. 
 
 
Powder X-ray diffraction (XRD)  
XRD was used to examine the phase behaviour of the samples before and after 
photopolymerization. It was conducted using a Bruker AXS diffractometer with a Cu 
Kα radiation operating at a voltage of 40 kV and a current of 30 mA under a 
transmission mode. The measurements were performed in the range of 0.5° - 18° (2θ) 
and a step size of 0.02°. 
 
 
Small angle X-ray scattering (SAXS) 
Small angle X-ray scattering experiments (SAXS) were performed to characterize 
sample crystalline using the SAXS/WAXS beam line at the Australian Synchrotron 
with a beam of wavelength λ=1.0322Å (12KeV). 2-D diffraction images were 
recorded on a Pilatus 1M detector and analysed using IDL Demo software.  
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3.5.2 Chemical analysis  
Scanning electron microscopy (SEM) 
Scanning electron microscopy (SEM) with energy-dispersive system (EDX) (ESEM 
Philips XL30) was used to study the level of surfactant removal in samples in 
Chapter 4. The samples were coated with carbon using Polaron E6700 Evaporative 
Carbon Coater in a high vacuum evaporator. The carbon-coated samples were 
scanned at 5kV electron beam.  
 
Scanning electronic microscopy (SEM) with energy-dispersive system (EDX) (Leica 
440) was employed to analyse the chemicals of the samples with different TEOS 
loading. The distributions of Si atoms in the PEGDA gel matrix were obtained by 
SEM EDX mapping (Leica 440). Prior to measurements, the samples were coated 
with carbon using Polaron E6700 Evaporative Carbon Coater in a high vacuum 
evaporator. All measurements were detected at a voltage of 10kV, and with Iprobe of 
500. Mapping of Si for each sample was about 15 minutes with 50 frames.  
 
The Fourier Transform Infra-Red (FTIR) 
The FTIR spectra were recorded using the Bruker Vetex-70 FTIR spectrometer. 
Prepared samples were added to KBr powder and grounded evenly to make a KBr 
disk. Average 32 scans for a spectrum were recorded in the standard wavenumber 
range of 400-4,000 cm-1 at a resolution of 4 cm-1. A DigiTech DLATGS detector 
with integrated preamplifier is adopted to equip the spectrometer. The standard beam 
splitter was a Ge-based coating on KBR and the scanner velocity is 6 Hz. 
 
 
3.5.3 Morphology characterization 
Scanning electron microscopy (SEM) 
The cross section morphology of the samples was characterized using a Philips XL30 
FEG scanning electron microscope (ESEM Philips XL30). The dried samples were 
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coated with iridium using Polaron SC5750 Sputter Coater in a high vacuum 
evaporator. The iridium-coated sample morphologies were scanned with the 
scanning electron microscopy. The samples were viewed at 2 kV electron beam. 
 
 
Positron annihilation lifetime spectroscopy (PALS) 
PALS was used to analyse the free volume of templated samples. The measurements 
were performed using an automated EG&G Ortec fast-fast coincidence system 
(Ortec, Oak Ridge, TN, USA) at ambient temperature with a time resolution of 240 
ps. A radioactive isotope 22Na, which was sealed between thin Mylar films, was used 
as the positron source. The Mylar source was then sandwiched between stacks of 
samples with 2 mm thickness. A minimum of 5 spectra were collected with each 
containing 1 × 106 integrated counts. The spectra were analysed using the LT v9 
software. The lifetime, τ3, and its intensity, I3, were interpreted as the ortho-
positronium (o-Ps) annihilation signature. The o-Ps components were used to 
characterise the sample’s free volume. The relationship between the o-Ps lifetime, τ3, 
and the radius of the free volume hole, R, can be established by an empirical 
equation [116-119], 
 
τଷ = ଵଶ ቂ1 −
ோ
ோబ +
ଵ
ଶగ sin ቀ
ଶగோ
ோబ ቁቃ
ିଵ
                                (3.1) 
 
 where R0 = R + ΔR and ΔR (= 0.166 nm) are the fitted empirical electron layer 
thickness. The Equation 3.1 is obtained under the assumption that the hole has 
spherical geometry and an infinite potential for the Ps localizing.  
 
The average free volume cavity size, VF, was calculated using  
 
               V୊ =  ସπୖ
య
ଷ                                                        (3.2) 
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The fractional free volume FFVPALS = CVFI3, where C is an empirical constant 
chosen so that the FFVPALS is similar to the FFV calculated using Bondi group 
contribution methods [116].  
 
BET 
The pore size distributions of the samples were characterized with a Quantachrome 
Autosorb 1 system by using nitrogen as an adsorbent at liquid nitrogen temperature. 
Barrett-Joyner-Halenda (BJH) method on desorption data was used to work out the 
pore size distribution. 
 
 
3.5.4 Thermal analysis 
Differential scanning calorimeter (DSC) 
Differential scanning calorimeter (DSC) (Perkin-Elmer Diamond Instrument, TA 
DSC Q200) was used to determine the glass transition temperatures (Tg) of 
untemplated X-PEGDA and templated samples discussed in Section 3.6.2. Samples 
were carefully weighted (5-10 mg) and placed in the sealed aluminium pans. Indium 
was used to calibrate the equipment and the measurements are carried out under 
atmosphere of helium gas. The analysis was conducted under nitrogen and at a scan 
rate of 10 °C/min. The samples were scanned from -70 °C to 100 °C. 
 
DSC (Pyris Series- DSC 8500) was used to determine the glass transition 
temperatures (Tg) of templated samples in Chapters 4 - 7. Samples were carefully 
weighted (5-10 mg) and placed in the sealed aluminium pans. The analysis was 
conducted under nitrogen and at a scan rate of 10 °C/min. The samples were scanned 
from -70 °C to 20 °C. 
 
 
Thermogravimetric analysis (TGA) 
Thermogravimetric analysis (PerkinElmer Pyris 1 TGA) was employed to study the 
thermal degradation properties of the templated samples. The analysis was conducted 
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on 10 mg sample under a nitrogen flow (20 ml/min) and at a heating rate of 
10 °C/min. 
 
 
3.5.5 Hydrophicility analysis 
Water or ethanol uptake 
The water and ethanol uptake was determined as follows: the samples were soaked in 
deionised water or ethanol for 24 hours. After that, the samples were taken out from 
the solution and weighed immediately after blotting the free water or ethanol on the 
surface. The samples were then dried at 110 °C in air for 24 hours and weighted. 
Water or ethanol uptake was calculated according to the following equation:  
 
Water uptake = (Ws – Wd)/Wd × 100%                                                       (3.3) 
 
where Ws and Wd are the weights of swollen and dried X-PEGDA samples, 
respectively. 
 
Contact angle  
Contact angle measurements were performed to examine the surface wettability of 
templated samples with different TEOS loading. Measurements were done using a 
KSV CAM200 instrument equipped with a video capturing system. Three different 
points of the specimen were tested and mean value was calculated. The interval of 
the frames captured by camera was set at a fast mode with 10ms. 
 
 
3.5.6 Surface tension determination 
Contact angle 
Contact angle of distilled water, ethanol, hexane, H-E solvent (Hexane and ethanol 
mixed solvent at a volume ratio 15: 1) on X-PEGDA was measured by a KSV 
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CAM200 instrument equipped with a video capturing system. Three different points 
of the specimen were tested and mean value was calculated. The interval of the 
frames captured by camera was set at a fast mode with 10ms.  
Surface tension  
Surface tension of water, ethanol, hexane and H-E solvent were measured using KSV 
CAM200 instrument by a pendant drop shape analysis method. The interval of the 
frames captured by camera was set at a fast mode with 10ms and 10 frames were 
capture for each experiment. Three experiments were done for each solvent and the 
surface tension was calculated by average.  
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CHAPTER 4 NANOSTRUCTURE RETENTION BY 
CONTROLLING SURFACE TENSION 
4.1 Introduction   
Maintaining low surface tension during the drying process is essential to retain the 
formed nanostructures as a high surface tension will deform the structure to a great 
extent.  Large surface tension during vacuum or air drying has been identified as the 
main cause leading to the collapse of structures. For example, when working on 
polysaccharide hydrogels, Valentin et al. [85] observed that the freeze-drying or air 
drying process resulted in materials of low surface areas due to the formation of 
compact solids.  The microstructure can even become totally different from the 
original ones after air drying as the internal fibrous and spherical microstructures can 
be distorted, indistinct and collapsed [86]. Namatsu [87] demonstrated the 
deformation of silicon line patterns with channel edges touched or collapsed caused 
by surface tension during N2 gas drying.  
 
Many liquids have a critical temperature-pressure point at which the density of the 
liquid and gaseous phases is identical. At this critical point, the exchange of 
molecules between gas and liquid phases is equal and the surface tension is zero. 
Critical point drying that is based on this principle has proven to be an efficient 
method for preserving the volume and microscopic texture of polysaccharide gels 
[85], enhancing internal filamentous structures of biofilms [86], and retaining the 
structure of porous silicon [90], as it avoids the structure damage caused by surface 
tension during drying. Liquid carbon dioxide (CO2) is commonly used for critical 
point drying due to its low critical temperature and pressure [91]. Critical point 
drying of molecularly imprinted polyacrylamide hydrogels has been reported by 
Hawkins et al. [92] where the template molecules are bovine haemoglobin (BHb) of 
a size approximately 5-50 nm. In that work, retention of the molecularly imprinted 
cavities after the removal of protein molecules is desired in the dried hydrogel in 
order to image the cavities developed for selective molecular recognition.   
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It is a great challenge to retain the original LLC structure onto polymeric materials 
especially after surfactant removal and drying. At first a preliminary study was 
performed on nanostructure generation by using different purifying solvent to 
remove surfactants and different drying conditions, and the results suggested that the 
surfactant removal solvents and drying conditions affect the sample morphology. 
 
The retention of the original hexagonal LLC structure within the X-PEGDA after 
surfactant removal and drying in order to develop a robust fabrication method for 
these materials is presented in Section 4.3. By comparing the materials dried at 
different surface tension, it is found that original hexagonal LLC structure in X-
PEGDA polymer is preserved when zero surface tension is achieved.  
 
 
4.2 Nanostructure generation templated from LLC 
In this section, hexagonal LLC structure is templated into X-PEGDA polymer. The 
effects of different purifying solvents to remove surfactants and different drying 
conditions on nanostructure generation will be discussed. The sample preparation 
procedures were described in Section 3.3.  
 
4.2.1 Structure retention on photopolymerization 
To better understand the original LLC order retention upon photopolymerization, 
polarized light microscopy (PLM) and XRD were employed to observe the phase 
behaviour before and after polymerization.  A highly cross-linked poly(ethylene 
glycol) diacrylate (X-PEGDA) was photopolymerized in hexagonal LLC mesophases 
formed from Brij 56 surfactant and water system. Figure 4.1 shows the polarized 
light micrographs before (Figure 4.1a) and after (Figure 4.1b) polymerization. Before 
polymerization, a focal conic texture was observed indicating the presence of a 
hexagonal mesophase [65, 120]. After polymerization, the focal conic texture was 
remained, though it was slightly coarsened. There was no apparent phase separation 
upon cure, indicating that the original LLC structure is retained to a great extent.  
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Figure 4.1 Polarized light microscopy (PLM) images of the samples: (a) before and 
(b) after photopolymerization in hexagonal phases formed from Brij 56 / water 
system. 
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Figure 4.2 XRD profiles of samples: (a) before and (b) after polymerization in the 
hexagonal phases formed from Brij 56 / water system. 
 
 
Figure 4.2 shows the XRD profiles of samples before and after polymerization. The 
observed d-spacing ratios of 1, 1/ 31/2, 1/41/2, 1/51/2, 1/71/2 in the sample before 
polymerization and 1, 1/ 31/2, 1/51/2 in the sample after polymerization are 
characteristic of the hexagonal LLC phases [121-122]. This is in good agreement 
with the polarized light micrography results, i.e. the original LLC order is retained to 
a great extent after photopolymerization. This is in coherent with the previous studies 
[10, 13], which suggest that  
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(a)  the photo polymerization with an extremely rapid initiation rate enables better 
template structure retention than thermal polymerization, and  
(b)  polymerization at room temperature yields higher retention of LLC order than 
polymerization at higher temperatures. 
 
 
4.2.2 Effects of purifying solvents and drying conditions  
Successful templating has been observed with a variety of inorganic materials such 
as silicates and zinc compounds [123-128]. However, for polymers, it is difficult to 
maintain the ordered structure of the original LLC phase and often the morphologies 
generated are not the same as the original LLC structure [10-12]. The work of 
DePierro et al. [10] showed interconnected spherical globules with an average 
domain size of approximately 40nm. Antonietti et al. [11] studied several different 
materials using LLC as template and the finally obtained materials possessed 
different morphologies; however none of them showed similar structures to the 
original template. In order to get better understanding of final structure generation, 
the effects of purifying solvent and drying conditions on nanostructure generation 
were investigated. 
 
A series of samples were prepared by using different purifying solvents and dried at 
different conditions. Figures 4.3a and 4.3b show the morphologies of samples 
purified using absolute ethanol but dried under different conditions. The sample 
dried in air shows an irregular porous structure while the sample dried in the vacuum 
oven has a denser structure. The sample dried in the vacuum oven might result in a 
less chance for rearranging the polymer chains. When the sample is dried in air, 
some small pores might collapse, leading to the formation of large pores.  
 
Figures 4.3b and 4.3c show the morphologies of samples purified by different 
solvents and dried in vacuum oven. Both samples have a dense morphology. The 
pore size distribution of these two samples is shown in Figure 4.4. The sample 
purified by ethanol has a pore size distribution slightly broader possibly due to the 
lower solubility of Brij 56 in water that may accelerate the polymer arrangement. 
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Figure 4.3 Cross sectional SEM images of dried samples: (a) purified by ethanol and 
dried in air; (b) purified by ethanol and dried in vacuum oven; and (c) purified by 
distilled water and dried in vacuum oven. 
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Figure 4.4 BJH desorption pore size distribution of samples purified by ethanol and 
water, respectively. Both samples were dried in vacuum oven. 
 
 
Thermal properties of the untemplated and templated X-PEGDA samples were 
studied by DSC. Figure 4.5 shows the DSC thermal profiles of samples prepared 
under different conditions. The Tg of untemplated X-PEGDA is -24˚C, the templated 
sample purified by ethanol and dried in vacuum oven is -25˚C and the other two 
samples -26˚C. Therefore, the purifying solvent and drying conditions have no 
significant influence on glass transition temperature (Tg). LLC templating also has 
little influence on Tg. The low Tg of this material represents high chain mobility 
which in turn facilitates the polymer rearrangement during the removal of Brij 56 and 
drying process. 
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Figure 4.5 DSC test of untemplated X-PEGDA and templated samples purified by 
ethanol and dried in air; purified by ethanol and dried in vacuum oven; purified by 
water and dried in vacuum oven. 
 
 
Figure 4.6 shows the water uptake of samples prepared under different conditions. 
The water uptake of the sample purified using ethanol and dried in air is 180 wt%, 
compared to 250% for sample dried in vacuum oven. This is due to the difference in 
porosity of both samples as shown in SEM images (Figure 4.3). The sample purified 
by water has the lowest water uptake (only 130%). Previous research has shown that 
a higher water uptake would indicate more ordered hexagonal structure [65]. The 
sample purified using ethanol and dried in the vacuum oven has the highest water 
uptake. 
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Figure 4.6 Water uptakes of samples prepared with different purification and drying 
conditions.   
 
 
4.3 Structure retention by controlling surface tension 
Maintaining low surface tension during the drying process is essential to retain the 
formed nanostructures. As described in Section 3.4.1, templating the hexagonal LLC 
structure formed from the DTAB/water system into cross-linked poly(ethylene glycol) 
diacrylate hydrogels was investigated. The schematic in Figure 4.7 represents the 
main LLC templating process involving the dispersion of the surfactant in monomers 
to form hexagonal phase, the photopolymerization of monomers and the removal of 
surfactant. The nanoporous structures dried with different technologies were 
examined with different characterisation approaches. The structures formed in the 
system during the entire fabrication process were studied including samples before 
and after polymerization, wet samples in water after surfactant removal, final dried 
samples using different drying methods as well as rehydrated samples. 
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Figure 4.7 Schematic of the LLC templating process (a) DTAB/water system; (b) 
PEGDA(monomer)/DTAB/water system; (c) photopolymerization of the PEGDA; (d) 
surfactant removal; (e) critical point drying with CO2 and resultant structure retention 
on drying and rehydration. 
 
 
4.3.1 Structure formation and retention before drying 
4.3.1.1  Confirmation of nanostructure retention upon polymerization using 
PLM 
Different characterisation techniques were used to confirm the formation and 
retention of the original hexagonal mesophase before polymerization and upon 
polymerization, including polarized light microscopy (PLM), XRD and SAXS. PLM 
is a straight forward method of characterizing LLC phases based on the anisotropy 
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present in these systems. Figure 4.8 shows the PLM images before and after 
polymerization. Before polymerization typical focal conic textures are observed 
(Figure 4.8a), indicating that the hexagonal mesophase is successfully formed [10, 
80], and these focal conic textures are preserved after photopolymerization (Figure 
4.8b), indicating the retention of the hexagonal LLC phase.  
 
 
Figure 4.8 Polarized light microscopy (PLM) images of the samples: (a) before and 
(b) after photopolymerization in the hexagonal phases formed from 
PEGDA/DTAB/water system. 
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4.3.1.2  Confirmation of nanostructure retention upon polymerization using 
XRD and SAXS 
The presence of the hexagonal phase before and after polymerization was also 
confirmed by XRD. The observed d-spacing ratios of 1, 1/ 31/2, 1/41/2 for d100, d110 
and d200 in the samples before (Figure 4.9a) and after polymerization (Figure 4.9b) 
are characteristic of a hexagonal LLC phase [64, 122, 124].  Figure 4.9c is a 
schematic illustration of the d100, d110 and d200 of the hexagonal structure, which 
gives the dimensions for the hexagonal array. The lattice parameter (α), which is the 
center to center distance for this hexagonal array given by d100/cos30 [129], is 
approximately 33Å/cos30 = 38Å. For this PEGDA(monomer)/DTAB/water system, 
the DTAB/water ratio is 68.8%. McGrath [130] reported that for hexagonal phase 
formed from the DTAB/water system, the higher the DTAB ratio, the smaller the 
lattice parameter. The lattice parameters (α) of 40.8Å and 39.7Å for the hexagonal 
array with DTAB ratio 65.8% and 70.7%, respectively, were reported for the 
DTAB/water system. These results are in excellent agreement with our measured 
lattice parameter given that in our samples there are hydrophilic monomers in the 
water phase.  
 
The presence of the hexagonal phase was further confirmed by the synchrotron small 
angle X-ray scattering (SAXS) d-spacing ratios of 1, 1/ 31/2, 1/41/2 of d100, d110 and 
d200 in samples before (Figure 4.10a) and after polymerization (Figure 4.10b) 
indicate excellent morphological reproducibility. Only slight changes in lattice 
parameter upon polymerization were found by XRD (Figure 4.9) and SAXS (Figure 
4.10). These results are in good agreement with that reported by Lester et. al [80] and 
Sievens-Figueroa et. al [65] in which the monomers are cross-linked during 
polymerization.  
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a)  
b)  
c)  
Figure 4.9 XRD profiles of samples: (a) before and (b) after polymerization in the 
hexagonal phases formed from PEGDA/DTAB/water system; c) schematic d-spacing 
of the hexagonal structure. 
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a)  
b)  
Figure 4.10 Synchrotron SAXS patterns of samples (a) before and (b) after 
polymerization. 
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Figure 4.11 Polarized light microscopy (PLM) images of the wet samples: a) 2 days; 
b) 30 days; and c) 5 months in water after surfactant removal. 
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4.3.1.3  Structure retention in wet samples 
Figure 4.11 shows the PLM images of wet samples in water stored for different 
periods of time after surfactant was removed. After two days (Figure 4.11a), the 
sample retains a similar focal conic texture as found before and after polymerization 
(Figure 4.8) suggesting the original hexagonal LLC structure is successfully retained 
upon surfactant removal and storage in water.  The textures of this wet sample appear 
slightly coarsened. The crystal domains are orientated in many directions, and it is 
likely that the domain boundaries undergo some relaxation. After 30 days in water 
(Figure 4.11b) and even after 5 months (Figure 4.11c), the sample still possesses 
focal conic textures similar to the sample stored for 2 days after the surfactant was 
removed, demonstrating that the hexagonal structure in the wet sample is highly 
stable.  The XRD profile of this sample is featureless (Figure 4.12), due to the low 
scattering contrast [131-133] between the X-PEGDA, which is highly hydrophilic 
and water.  
 
 
Figure 4.12 XRD profile of the wet sample in water after surfactant removal. 
 
To confirm the removal of surfactant, SEM-EDX was conducted for samples before 
(Figure 4.13a) and after surfactant removal (Figure 4.13b). As expected, the strong 
peak of Br from the surfactant DTAB disappears after the surfactant is removed.  
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Figure 4.13 SEM-EDX of the samples a) before, and b) after surfactant removal. 
 
 
4.3.2 Nanostructures generated in dried samples  
To better understand the effect of drying conditions on the retention of hexagonal 
structure, samples dried at various surface tensions were studied. Figure 4.14 
compares the XRD profiles of the templated samples dried by critical point drying 
(CPD), vacuum, and air. The XRD of an untemplated sample is also presented. The 
sample dried with CPD has an intense (100) reflection while the untemplated, air and 
vacuum dried samples feature amorphous structures. These results indicate the 
retention of hexagonal structure for the sample dried by CPD. XRD shows a shift of 
the primary reflection towards lower angle for the sample dried by CPD after 
surfactant removal indicating an increase in the lattice parameter.  The center to 
center distance for the hexagonal array after CPD is approximately 94Å.  
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Figure 4.14 XRD profiles of templated samples dried using different conditions and 
the untemplated sample. 
 
 
The water ratio in the templated X-PEGDA phase is 32% according to the weight 
ratio of PEGDA monomer and water added in the system. The water uptake of the 
untemplated X-PEGDA is 76%. When soaking the sample in water to remove the 
surfactants, the X-PEGDA will uptake more water as the water uptake of the CPD 
dried sample is about 217%. This will increase the volume of the polymer between 
the pores and in turn increase the center to center distance of the hexagonal arrays. 
After CPD drying, there is no volume shrinkage since the exchange of CO2 
molecules between the gas and liquid phases is equal during CPD drying, so the 
primary reflection shifts to the low angle and the center to center distance of the 
hexagonal arrays increases.  
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Figure 4.15 Polarized light microscopy (PLM) pictures of the rehydrated samples, 
which were initially dried by a) CPD; b) vacuum oven; and c) in air. 
CHAPTER FOUR 
75 
 
4.3.3 PLM textures of rehydrated samples  
To further confirm the retention of the original LLC structure in the CPD dried 
sample and to find out whether the retained and collapsed structures of the dried 
polymers are stable, the textures of rehydrated samples were studied by polarized 
light microscopy and the results are shown in Figure 4.15. The rehydrated sample, 
initially dried by CPD, has a high birefringence texture (Figure 4.15a) indicating that 
the rehydration has no significant effect on its structure. In contrast, the rehydrated 
samples initially dried by vacuum (Figure 4.15b) and air (Figure 4.15c), have no 
birefringent texture, indicating that the collapse of the original LLC hexagonal 
structure that occurred during drying is not reversible by rehydrating.   
 
 
4.3.4 Model of surface tension deformation 
As mentioned earlier in this chapter, the nanostructures from templated LLC will 
distort during drying if surface tension is strong. A simplified model with one 
cylindrical channel is shown in Figure 4.16. Before or at the beginning of drying, the 
whole sample is surrounded by water, so the water-air surface tension (γl-a) does not 
affect the cross-linked PEGDA polymer (Figure 4.16a) and the surface tension forces 
maintained neutral. If all structures could be maintained symmetrically (Figure 4.16a) 
during the drying process, the nanostructure could be retained. However, due to the 
complexity of the nanostructure and the mass and heat transfer at such a fine scale, 
this symmetry can hardly maintain and shall be break almost immediately. 
 
With the evaporation of water during air or vacuum drying, the water-air surface 
tension works on the pore walls (Figure 4.16b). The water-air surface tension, γl-a, at 
room temperature is 73.2 mN/m according to surface tension measurement and the 
contact angle of water on X-PEGDA, θ, is 78.5° according to contact angle 
measurement . The vertical component of water-air surface tension is balanced; 
according to Young’s equation: 
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γ୪ିୟ. cos θ +  γୱି୪ =  γୱିୟ                                       (4.1) 
  
where γs-l is the surface tension of PEGDA polymer-water interface and γs-a is 
PEGDA polymer-air surface tension. The horizontal component of water-air surface 
tension, γl-a·sinθ = 71.7 mN/m, which is very high, that has to be overcome by the 
PEGDA polymer adhesive force, γa, to retain its structure. If the surface tension 
exceed the adhesive force of the polymer,  
 
γୟ < γ୪ିୟ. sin θ                                                  (4.2) 
 
the polymer wall will be distorted, resulting in a collapse of the polymer 
nanostructure.  
 
Figure 4.16c shows the deformed structure as water continues evaporating. The pore 
wall bends towards the pore channel at the conjunction of polymer, water and air, 
and the force diagram rotates an angle of φ. In another word, the surface tension 
works on the polymer, γl-a·sinθ = 71.7 mN/m, rotates an angle of φ from the 
horizontal direction. The surface tension working on the polymer material could be 
divided into a horizontal component γl-a·sinθ·cosφ and a vertical component γl-
a·sinθ·sinφ. This force applies on the polymer walls during the whole drying process 
and makes the structure deform and collapse. Namatsu [87] reported surface tension 
caused structure deformation of silicon line patterns, in which channel edges touched 
or collapsed, after drying using N2 gas. Hamley et al. [134] also demonstrated that 
the hexagonal structures were destructed under the shear strains.  
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Figure 4.16 Schematic illustration of surface tension status during vacuum or air 
drying. a) at the beginning of drying, the whole polymer sample was surrounded by 
water, the water-air surface tension did not work on polymer sample; b) with water 
evaporating, the water-air surface tension works on the polymer wall; c) the polymer 
wall deforms and direction of surface tension rotates. (P – X-PEGDA polymer 
hydrogel, W – water, A – air.) 
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a)  
 
b)                  c)   
 
Figure 4.17 Schematic of a) phase diagram of CO2;  b)sample with CO2 at critical 
point without surface tension; and c) dried sample with preserved structure. P – X-
PEGDA polymer hydrogel. 
 
 
Figure 4.17 shows the schematic of sample dried with CO2 at critical point. At the 
critical point (304.1K, 7.39MPa), the exchange of molecules between the gas and 
liquid phases is equal and the density of the liquid and gas phases is identical; i.e. the 
distinction between the liquid and the gas phases is vanished. As there is no liquid-
gas interface, the surface tension arising at a liquid/gas interface is zero. So, critical 
point drying which prevents sample from being exposed to large surface tension 
forces results in the structure preservation (Figure 4.17c). The literature also reports 
the consistent results of structure preservation by using critical point drying method 
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to avoid surface tension for the silicon nanoscale line patterns [87], for 
polysaccharide hydrogels that keep their three dimensional network structure with a 
high surface area [85], for biofilms that maintain their network of strands [86], and 
for wood pulp that displays a clear fibular structure [135]. Hence controlling surface 
tension during the drying process is important for retaining the nanostructure 
templated from lyotropic liquid crystals. 
 
4.3.5 Thermal property 
The thermal properties of the samples dried using different drying methods were 
characterized using DSC, shown in Figure 4.18. The air and vacuum dried samples 
have a glass transition temperature (Tg) of -27.4˚C and -28.4˚C respectively. The 
CPD dried sample has the lowest Tg (-29.4˚C) among these three samples. These 
results can be discussed in light of the effect of drying method on the free volume 
distribution of the polymer. Positron annihilation lifetime measurements give direct 
information about the free-volume distribution. PALS results measured at room 
temperature are shown in Table 4.1. Using Equation 3.2 and a value for C of 5.4 nm-3, 
the average free volume hole size VF and fractional free volume FFVPALS can be 
calculated. The Bondi FFV for PEGDA has been reported as 12% [136]. Both the 
size of the free volume elements (as indicated by the τ3 value) and the relative 
number of free volume elements (as indicated by the I3 value) are greatest in the CPD 
dried sample. The CPD method results in the greatest FFVPALS and the lowest Tg. 
Indeed for these samples the Tg and FFVPALS values are correlated; however, it 
should be noted that these are subtle effects and the PALS data are measured 
approximately 50 degrees above Tg for these samples where the rubbery chain 
mobility would be expected to dominate the free volume distribution [116]. 
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Figure 4.18 DSC results of samples dried using different drying method. 
 
 
Table 4.1 Ortho-positronium lifetimes and free volumes of the samples dried with 
different drying method. 
Dried Sample τ3 (ns) I3 (%) d (nm) VF (nm3) FFVPALS 
(%) 
CPD dried 2.164 (0.009) 21.4 (0.09) 0.600 0.113 13.1 
Vacuum dried 2.148 (0.007) 20.9 (0.11) 0.598 0.112 12.6 
Air dried 2.142 (0.008) 19.3 (0.10) 0.596 0.111 11.6 
 
 
4.4 Conclusions 
4.4.1 Preliminary study on nanostructure generation  
The results suggested that the hexagonal phase was successfully formed in LLC 
solution and was retained to a great extent after photopolymerization. LLC 
templating purifying solvents and drying conditions have no significant influence on 
glass transition temperature (Tg). The sample morphology is affected by the purified 
solvents and drying conditions.  
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4.4.2 Structure retention by controlling surface tension  
Retention of cross-linked poly(ethylene glycol) diacrylate (PEGDA) hydrogel 
nanostructure, templated from hexagonal LLC structure, was investigated. The 
hexagonal LLC template was successfully formed and the center to center distance 
for the hexagonal array was approximately 38Å. The hexagonal LLC structure is 
well retained in the sample after polymerization and in the wet sample after 
surfactant removal as the polymeric material was cross-linked which reduces chain 
mobility to minimize structure distortion. The samples under surface tension, which 
can get up to 71.7mN/m, during air or vacuum drying, deformed the hexagonal 
structure. The sample dried via CO2 critical point drying with zero surface tension 
retains the hexagonal LLC structure. Controlling surface tension during the drying 
process is shown to be important for retaining the nanostructure templated from 
lyotropic liquid crystals.  
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CHAPTER 5 NANOSTRUCTURE RETENTION BY 
SILICA NETWORK – EFFECTS OF IONIC 
SURFACTANT 
5.1 Introduction 
The previous chapter showed that the surface tension forces during drying deform 
the polymer nanostructures templated from LLC. It is reasonable to believe that 
reinforcing the X-PEGDA gel would help resist the structure destruction caused by 
high surface tension during drying.          
Addition of silica has been reported to produce a polymeric matrix with reinforced 
mechanical properties as well as improved thermal stability [96-100]. It has been 
demonstrated that in organic and inorganic hybrid membranes, silica not only 
suppressed the swelling of polymer membrane, but also improved the separation 
performance due to the hybrid structure formed between silica and polymer matrix 
[96, 101-102]. Kang et al. [103] has reported that the infiltration of silica within 
swollen photonic low-molecular-weight poly (2-vinylpyridine) P2VP gels stabilises 
the self-assembled lamellar structure, and in turn tailors the colour stop bands across 
the full visible portion of the spectrum 400-800nm. The reinforcement of the X-
PEGDA gel with silica network would help resist the structure destruction due to 
high surface tension during drying and preserve the LLC templating structure. 
 
The dispersion of the silica network or nanoparticles into polymer matrix is very 
important for improving the mechanical properties and structure stability. Liu and 
Kontopoulou [112] demonstrated that well-dispersed nanosilica in the polymer 
matrix improves Young’s modulus, tensile stress and impact properties. However, 
the pre-prepared silica nanoparticles are hard to disperse uniformly in polymer 
matrix as they tend to aggregate. The in-situ sol-gel process is one of the most 
efficient methods for preparing well-dispersed silica network in polymer matrix. The 
sol-gel process to prepare inorganic oxides involves the hydrolysis and a subsequent 
condensation reaction of alkoxide precursors [104-106]. Since the alkoxide 
precursors are usually liquids which can be mixed with polymer solutions, or with 
monomers to be polymerized later, thus in-situ sol-gel method is a good method to 
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make well-dispersed silica network in polymer matrix. Tetraethoxysilane (TEOS) is 
mostly used as starting materials for silica network formation in the sol-gel process. 
The process consists of hydrolysis and condensation reactions which are typically 
catalysed with an acid or a base. The morphology and properties of obtained silica 
are dependent on variable factors such as the pH of the reaction medium, the ratio of 
water and catalyst to the alkoxide and the reaction temperature. A lower pH of the 
reaction medium facilitates the formation of a continuous silica network [54, 103-
104]. 
 
The goal of this chapter is to retain the original hexagonal LLC structure in the X-
PEGDA gels by reinforcing the gels with a silica network. The PEGDA was 
photopolymerized in hexagonal LLC mesophases formed from 
dodecyltrimethylammonium bromide (DTAB) / water system.  DTAB is a quaternary 
ammonium which is stable to pH changes, both in acid and in alkaline environment, 
especially acid (even HF) [54]. The silica network was obtained via in-situ sol-gel 
method catalysed by HCl. The effects of the content of silica precursor, TEOS, and 
heat treatment during the sol-gel process on structure formation were investigated.   
 
 
5.2 LLC Structure formation and retention upon polymerization 
with different TEOS loading 
Figure 5.1 shows the LLC templating process involving the dispersion of surfactants 
and TEOS in monomers to form hexagonal phase, the photopolymerization of the 
monomers and the hydrolysis and condensation of TEOS. This process was followed 
by the removal of surfactants and drying to obtain nanoporous structure with 
cylindrical pores. The detailed sample preparation procedures were described in 
Section 3.4.2. 
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Figure 5.1 LLC templating process with the reinforcement of silica network. 
 
 
5.2.1 Confirmation of nanostructure retention using PLM 
Different characterization techniques were used to confirm the formation and 
retention of the hexagonal phase before and after polymerization. Figure 5.2 shows 
the PLM images before and after polymerization for different hexagonal phases. 
Before polymerization, all the samples show focal conic textures indicating the 
hexagonal mesophase was successfully formed [4, 80, 137] in all samples. As the 
TEOS had already been hydrolized before casting for polymerization and its 
hydrophilic hydrolyzate was mixed in water and PEGDA phase, the addition of 
TEOS did not disturb the formation of template structure.  
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Figure 5.2 Polarized light microscopy (PLM) images for the hexagonal phases with 
different TEOS loading: (a) before and (a1) after polymerization without TEOS; (b) 
before and (b1) after polymerization with 10% TEOS; (c) before and (c1) after 
polymerization with 30% TEOS; (d) before and (d1) after polymerization with 50% 
TEOS. 
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After polymerization, all the samples preserved the focal conic textures, suggesting 
the retention of the hexagonal LLC phase. However textures of the sample with 10% 
and 30% TEOS appear slightly different, perhaps due to the structure slightly 
changed upon polymerization. The sample with 50% TEOS exhibits refined focal 
conic textures after polymerization, which may due to the mobility of small 
molecules of TEOS which facilitates the self assembly of DTAB making the 
hexagonal phase more uniformed.   
 
 
5.2.2 Confirmation of nanostructure retention using XRD and SAXS 
Figure 5.3 shows the low angle XRD profiles of samples with different content of 
TEOS before polymerization. The d-spacing of the primary (100) reflection, d100, is 
31.1Å, 31.8Å, 34.4Å, 39.9Å for samples without TEOS and with 10%, 30% and 50% 
TEOS, respectively. The corresponding center to center distance of the hexagonal 
array which is given by d100/cos30 [129, 137], is 36.0Å, 36.8Å, 39.8Å, 46.1Å for the 
sample without TEOS, with 10%, 30% and 50% TEOS, respectively (Table 5.1). As 
the TEOS content increases, the lattice parameter d100 increases, and the center to 
center distance increases, possibly due to the increased content of small TEOS 
molecule and its hydrolysate. The total loading weight of TEOS and PEGDA is 
constant. The density of TEOS at 25°C is 0.93g/ml which is smaller than that of 
PEGDA (MW=575) 1.12g/ml. The TEOS and its hydrolysate are hydrophilic and 
stay in the hydrophilic hexagonal exterior phase. When the weight ratio of TEOS 
loading increases, the total volume of the hexagonal exterior phase will be increased 
making the lattice parameter and center to center distance of hexagonal arrays 
increased. Figure 5.4 shows the XRD profiles of samples with different content of 
TEOS after polymerization. Changes in d100 and the center to center distance (α) 
(Table 5.1) after polymerization are due to the hydrolysis and condensation of TEOS 
and the cross linking of PEGDA which makes the hexagonal arrays more compact.  
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Figure 5.3 XRD profiles of samples with different TEOS loading before polymerization. 
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Figure 5.4 XRD profiles of samples with different content of TEOS loading after 
polymerization.  
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Table 5.1  Structural parameters of the samples with different content of TEOS 
loading before surfactant removal. 
Sample TEOS content d100 / Å Center to center 
distance (α) / Å 
Before 
polymerization 
0% 31.1 36.0 
10% 31.8 36.8 
 30% 34.4 39.8 
 50% 39.9 46.1 
    
After 
polymerization  
0% 33.7 39.0 
10% 31.1 36.0 
30% 29.9 34.6 
 50% 28.6 33.1 
    
After heat treatment 10% 35.9 41.5 
30% 35.3 40.8 
 50% 34.2 39.5 
 
 
Figure 5.5 and Figure 5.6 show the XRD and SAXS profiles of samples after heat 
treatment. The observed d-spacing ratios of 1, 1/ 31/2 for d100, d110 in all the samples 
are characteristic of a hexagonal LLC phase. Unlike samples before and after 
polymerization without heat treatment, which are dominated by the intensity of peaks 
corresponding to the (100) orientation, the samples with heat treatment have 
intensive peaks of the (110) orientation. The XRD of sample with 10% TEOS is 
dominated by a very high intensity of (110) peak [138]. With an increasing TEOS 
content, the intensity of the (100) peak gets stronger however the other oriented 
domains still holds significant proportions.   
 
After heat treatment the center to center distance (α) for samples with 10%, 30% and 
50% TEOS is 41.5Å, 40.8Å and 39.5Å, respectively (Table 5.1), about 6Å bigger 
than that after polymerization.  
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Figure 5.5 XRD profiles of samples after heat treated at 140°C for 2 hours and 
before surfactant removal. 
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Figure 5.6 Synchrotron SAXS profiles of samples after heat treated at 140°C for 2 
hours and before surfactant removal.  
 
 
5.3 Structure retention with the reinforcement of silica network 
XRD was used to characterize the effects of silica network on the structure retention 
in final purified samples. As can be seen from Figure 5.7, the XRD of dried sample 
with 10% TEOS without heat treatment is featureless indicating the formation of an 
amorphous structure. At 30% to 50% TEOS loading, the XRD profiles show the 
formation of ordered structure. The d-spacings associated with the primary (100) 
reflection for samples with 30% and 50% TEOS are 82.5Å and 83.6Å (Table 5.2) 
corresponding to a center to center distances of 94.3Å and 95.5Å respectively. In 
contrast, crystalline samples with slightly increased lattice parameters are found after 
heat treatment at 140 °C for 2 hours (Figure 5.8 and Table 5.2).  
 
CHAPTER FIVE 
92 
 
 
 
 
Figure 5.7 XRD profiles of dried samples with different TEOS loadings without heat 
treatment. 
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Figure 5.8 XRD profiles of dried samples with different TEOS loadings with heat 
treated at 140°C for 2 hours. 
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Table 5.2 Structural parameters of the dried samples with different TEOS loadings. 
Dried Sample TEOS content d100 / Å Center to center 
distance (α) / Å 
Without heat 
treatment 
0% - - 
10% - - 
 30% 82.5 94.3 
 50% 83.6 95.5 
    
With heat treatment 10% 87.3 99.8 
 30% 87.3 99.8 
 50% 87.2 99.8 
  
  
5.4 Silica content and dispersion 
Figure 5.9 shows the silicon mapping and EDX chemical analysis of the surface of 
dried samples without heat treatment. The mapping technique was employed to 
elucidate the distribution of silica network in X-PEGDA. The white spots represent 
the silica network. Based on these figures, the silica network was uniformly 
dispersed throughout the polymer matrix. Table 5.3 demonstrates the silica content 
obtained in the final dried samples. Without heat treatment, the sample with 10% 
TEOS loading has only 1.1% silica. The samples with 30% and 50% TEOS loading 
have 6.6% and 14.0% silica, respectively.  
 
The heat treatment improves the silica condensation degree as the samples with heat 
treatment have higher silica content than that of the samples without heat treatment. 
As shown in Figure 5.10, the dried samples with heat treatment were also studied 
with EDX and mapping. The chemical analysis of the surface of the dried samples 
with heat treatment by EDX analysis shows that the higher the TEOS loading, the 
higher content of silicon the dried sample has. The samples with 10%, 30% and 50% 
TEOS loading with heat treatment have 2.2%, 8.3% and 15.2% silica, respectively 
(Table 5.3). Silicon mapping of the surface of dried samples with different TEOS 
with heat treatment at 140°C for 2 hours suggested that the silica network was also 
uniformly dispersed throughout the polymer matrix.  
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Figure 5.9 Silicon mapping (left) and SEM-EDX (right) of the surface of dried 
samples without heat treatment: (a) 10% TEOS; (b) 30% TEOS; (c) 50% TEOS.  
 
Table 5.3 Silica obtained in final purified X-PEGDA gels calculated from TGA test.  
Sample TEOS content Silica content in X-PEGDA 
gels (%) 
Without heat treatment 0% - 
10% 1.1 
 30% 6.6 
 50% 14.0 
   
With heat treatment 10% 2.2 
 30% 8.3 
 50% 15.2 
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Figure 5.10 Silicon mapping (left) and SEM-EDX (right) of the surface of dried 
samples with heat treatment: (a) 10% TEOS; (b) 30% TEOS; (c) 50% TEOS.  
 
 
5.5 Thermal properties 
The thermal properties of the samples with different content of TEOS were studied 
by DSC and TGA.  
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5.5.1 DSC analysis 
As can be seen from Figures 5.11 and 5.13 that the Tg of samples increases with 
increasing TEOS loading, possibly due to restricted polymer chain mobility as the 
silica network was across the polymer matrix [139-140].  
 
 
Figure 5.11 DSC tests of dried samples without heat treatment. 
 
 
 
Figure 5.12 DSC tests of dried samples with heat treatment at 140°C for 2 hours. 
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After heat treatment, within experimental errors, the same Tg values were observed 
for all samples (Figure 5.12 and Figure 5.13). This is probably caused by the stress 
relaxation between the cross-linked polymer gel and silica network during the heat 
treatment at 140˚C for 2 hours.  
 
 
 
Figure 5.13 DSC results of dried samples with different TEOS loadings without heat 
treatment. 
 
 
5.5.2 TGA analysis 
Figures 5.14 and 5.15 show the TGA results of samples without and with heat 
treatment, respectively. The majority of weight loss occurs in the range of 300 - 
450˚C. The samples with higher content of TEOS appear slightly more stable. 
However the addition of silica network did not affect much on the thermal stability 
of the templated PEGDA gel. 
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Figure 5.14 TGA tests of dried samples without heat treatment. 
 
 
 
Figure 5.15 TGA tests of dried samples with heat treatment at 140°C for 2 hours.  
 
 
5.6 Conclusions 
The retention of the hexagonal LLC template structure in polymer gels is a great 
challenge. The introduction of a silica network into the X-PEGDA gel appears to 
stabilize the hexagonal structure. The hexagonal phase was successfully formed for 
samples with different content of TEOS as a silica precursor, before polymerization. 
The d-spacing (d100) and the center to center distance are increased with increasing 
TEOS content. However, due to the condensation of TEOS and the cross linking of 
PEGDA the hexagonal arrays becomes more compact after polymerization. Heat 
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treatment was found to improve not only the formation of ordered structures, but also 
the silica network dispersion as evidenced by constant lattice parameter (d100) and the 
center to center distance (α) obtained for all level of silica loadings studied. 
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CHAPTER 6 NANOSTRUCTURE RETENTION BY 
SILICA NETWORK – EFFECTS OF NON-IONIC 
SURFACTANT 
6.1 Introduction 
Lyotropic liquid crystals (LLC) exhibit periodic nanostructures (ranging from 
micelles, lamellar, hexagonal to bicontinous) in the presence of water depending on 
surfactant concentration and temperature. For instance, spherical micelles form at 
low concentration of surfactant in water at the critical micelle concentration. The 
hexagonal LLC phases formed at higher concentration have molecular aggregate 
ordering that corresponds to a hexagonal arrangement [141]. LLC mesophase 
formation is dependent on a number of factors, e.g. volume of the organic portion, 
area of the amphiphilic head group, and critical packing parameter [82]. The 
surfactant properties also affect the nanostructures of polymeric materials templated 
from these LLC mesophase.  
 
In Chapter 5, the nanostructure retention was achieved through reinforcing X-
PEGDA with a silica network templated from ionic surfactant, DTAB / water system. 
The results showed that sufficiently well-dispersed silica network helps the retention 
of the hexagonal LLC structure templated from ionic LLC. In this chapter, the 
nanostructure retention through reinforcing X-PEGDA with a silica network 
templated from non-ionic surfactant Brij 56 / water system is presented. The silica 
network is formed by in-situ sol-gel method using tetraethoxysilane (TEOS) as a 
silica precursor and hydrochloric acid (HCl) as a catalyst. Ethanol is used to remove 
the surfactant Brij 56 and dry the templated sample from this solvent. 
 
As discussed in Chapter 4, maintaining low surface tension during the drying process 
is essential to retain the formed nanostructures as a high surface tension will deform 
the structure to a great extent. Chapter 5 demonstrated that a sufficiently well-
dispersed silica network helps PEGDA polymer hydrogel retain the hexagonal LLC 
structure as the silica network reinforced PEGDA polymer can resist the surface 
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tension during drying. It is a hypothesis of this work that combining these two 
methods by using a volatile solvent with low surface tension in addition to the silica 
network reinforcement would allow the structure retention at low silica precursor 
TEOS loading. This chapter therefore presents a study on the structure retention 
through reinforcement by a silica network and by using a mixed solvent n-hexane 
and ethanol with lower surface tension to remove the surfactant Brij 56 and dry the 
templated samples from this solvent. 
 
 
6.2 Nanostructure retention by silica network  templated from a 
non-ionic surfactant  
Brij 56 / water system is used as a non-ionic surfactant template. Ethanol is used to 
remove the surfactant Brij 56 and dry the templated sample from this solvent. 
Detailed sample preparation method refers to Section 3.4.3.1.   
 
6.2.1 Formation and retention of LLC nanostructure  
6.2.1.1 Nanostructure formation 
Figures 6.1 and 6.2 show the XRD and SAXS profiles, respectively, of samples with 
different content of TEOS before polymerization. The observed d-spacing ratios of 1, 
1/ 31/2, 1/41/2 for (100), (110) and (200) reflexion in the samples with 0%, 10%, 30% 
and 50% TEOS before polymerization are the characteristics of the hexagonal LLC 
phase. The d-spacings of the primary (100) reflection, d100, are 73.2Å, 77.7Å, 79.1Å 
and 81.2Å for the samples with 0%, 10%, 30% and 50% TEOS, respectively 
corresponding to center to center distance of the hexagonal array which is given by 
d100/cos30 is 83.7Å, 88.8Å, 90.4Å and 93.9Å for the sample with 0%, 10%, 30% and 
50% TEOS, respectively (Table 6.1). As the TEOS content increases, the lattice 
parameter d100 increases and the center to center distance is increased, possibly due 
to the increased content of small TEOS molecule and its hydrolysate. This is in 
consistent with the samples templated from DTAB / water system discussed in 
Chapter 5. 
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Figure 6.1 XRD profiles of samples with different content of TEOS loading before 
polymerization.  
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Figure 6.2 Synchrotron SAXS profiles of samples with different content of TEOS 
loading before polymerization. 
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Table 6.1 Structural parameters of the samples with different content of TEOS 
loading before template removal. 
Sample TEOS content d100 / Å Center to center 
distance (α) / Å 
Before polymerization 0% 73.2 83.7 
10% 77.7 88.8 
 30% 79.1 90.4 
 50% 81.2 93.9 
    
After polymerization 0% 76.1 87.0 
 10% 73.1 83.5 
 30% 70.2 80.2 
 50% 65.6 75.0 
    
After heat treatment 30% 80.2 91.7 
 50% 80.2 91.7 
 
 
6.2.1.2 Nanostructure retention after polymerization 
Figure 6.3 gives the XRD profiles of samples with different content of TEOS after 
polymerization. The observed d-spacing ratios of 1, 1/ 31/2, 1/41/2, 1/51/2, 1/71/2 in the 
samples with 0%, 10%, 30% and 50% TEOS after polymerization are characteristic 
of the hexagonal LLC phase. Upon polymerization XRD of all samples show only 
one characteristic that possesses hexagonal phase. The d100 (76.1Å) and center to 
center distance (α) (87.0Å) of the sample with 0% TEOS are slightly increased 
comparing with that of the corresponding sample before polymerization. The d100 
and center to center distance (α) of samples with 10%, 30% and 50% TEOS decrease 
due to the condensation and cross linking that make the hexagonal arrays more 
compact. These trends are also in consistent with the samples templated from DTAB 
/ water system discussed in Chapter 5. 
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Figure 6.3 XRD profiles of samples with different content of TEOS loading after 
polymerization. 
 
The observed d100 in the XRD and the center to center distance of the hexagonal 
arrays in the samples before and after polymerization templated from Brij 56 / water 
system are about twice of that of the samples templated from DTAB / water system 
(Table 6.1). This is because Brij 56 has 15 repeating -CH2- in the non-polar chain, 
while DTAB has 10 repeating -CH2- in its non-polar chain. The chemical structures 
of Brij 56 and DTAB were shown in Figure 3.2.  
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Figure 6.4 Polarized light microscopy (PLM) images for the hexagonal phases with 
different TEOS loading: (a) before and (a1) after polymerization without TEOS; (b) 
before and (b1) after polymerization with 10% TEOS; (c) before and (c1) after 
polymerization with 30% TEOS; (d) before and (d1) after polymerization with 50% 
TEOS. 
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The length of non-polar chains determines the nanostructures formed and the 
diameter of the hexagonal pores templated from both ionic and non-ionic surfactants. 
According to Kelker and Hatz [53], the diameter of the hexagonal cylinders is 
typically 10% to 30% less than twice of the length of an ‘all-trans’ non-polar chain. 
So the center to center distance of the hexagonal arrays of Brij 56 / water system is 
much bigger than that of the DTAB / water system. 
 
The structures generated from Brij 56 / water system before and after polymerization 
were characterized by polarized light microscopy (Figure 6.4). Before 
polymerization, the samples with 0%, 10%, 30% and 50% TEOS show focal conic 
textures indicating the hexagonal mesophases are formed. This observation is 
consistent with those reported in the literature [4, 80, 137]. After polymerization, the 
samples with 0%, 10%, 30% and 50% TEOS showed focal conic texture, indicating 
that the hexagonal structure is preserved upon polymerization.  
 
Figure 6.5 XRD profiles of samples with LLC template after heat treated at 140°C 
for 2 hours before surfactant removal.  
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Figure 6.5 shows the XRD profiles of samples with 30% and 50% TEOS after heat 
treatment. The d-spacings of (100) reflection and the center to center distance (α) are 
80.2Å and 91.7Å, respectively (Table 6.1), which is slightly higher than that without 
heat treatment. This is possibly due to the water and ethanol, obtained from the 
TEOS hydrolysis, evaporation during the heat treatment. This trend is similar to that 
observed for the templating system using DTAB as surfactant reported in Chapter 5. 
 
 
6.2.1.3 Nanostructure retention after surfactant removal and drying 
 
Figure 6.6 XRD profiles of dried samples with different TEOS loadings without heat 
treatment. 
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XRD was again used to investigate the effects of silica addition on the structure 
retention in final purified X-PEGDA templated from non-ionic LLC. Figure 6.6 
shows the XRD profiles of dried samples without heat treatment. The XRD of 
samples without and with 10% TEOS indicate the formation of an amorphous 
structure. The XRD of samples with 30% and 50% TEOS feature primary d100 peaks, 
indicating the retention of originally formed ordered structure. The presence of a 
dispersed silica network helps the retention of structure templated from non-ionic 
LLC. The d-spacings from the primary (100) reflection for samples with 30% and 50% 
TEOS are about 72.7Å (Table 6.2) corresponding to a center to center distance of 
83.1Å.  
 
Figure 6.7 shows the XRD profiles of dried samples with 30% and 50% TEOS with 
heat treatment at 140°C for 2 hours. Again, samples with higher crystallinity and 
with slightly increased lattice parameter were obtained (Figure 6.7 and Table 6.2).   
 
 
Table 6.2 Structural parameters of the dried samples. 
Dried Sample TEOS content d100 / Å Center to center 
distance (α) / Å 
Without heat 
treatment 
0% - - 
10% - - 
 30% 72.7 83.1 
 50% 72.7 83.1 
    
With heat treatment 30% 77.2 88.2 
 50% 71.1 81.3 
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Figure 6.7 XRD profiles of dried samples with different TEOS loadings with heat 
treated at 140°C for 2 hours. 
 
 
 
6.2.2 Silica content analysis 
The FTIR spectra of the dried samples without heat treatment are shown in Figure 
6.8. The appearance of peaks at 795 cm–1 and 442 cm–1 associated with the 
symmetric vibration of Si-O indicates the incorporation of silica into the polymer 
matrix, and the intensity of these peaks increases with increasing TEOS loading.  
 
The SEM-EDX (Figure 6.9a) results show the Si peak in all samples indicating the 
existence of silica. The intensity of Si peak also increases with increasing TEOS 
loading, which is in agreement with FTIR. 
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Figure 6.8 FTIR transmittance spectra of dried samples with and without TEOS 
loading. 
 
 
Table 6.3 lists the silica content obtained in the final dried samples. The samples 
with 10%, 30% and 50% TEOS loading have 1.4%, 7.9% and 18.0% silica, 
respectively. The mapping technique was also employed to elucidate the distribution 
of silica network in X-PEGDA. The silica mapping (S1 in Appendix 1) of the surface 
of dried samples with different TEOS loading without heat treatment demonstrates 
that the silica network was uniformly dispersed throughout the polymer matrix.  
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Figure 6.9 SEM-EDX of dried samples a) without heat treatment; (b) with heat 
treatment. 
 
 
Table 6.3 Silica obtained in final purified X-PEGDA gels calculated from TGA test.  
Sample TEOS content Silica content in X-PEGDA 
gels (%) 
Without heat treatment 0% - 
10% 1.4 
 30% 7.9 
 50% 18.0 
   
With heat treatment 30% 13.7  
 50% 24.0 
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The dried samples with heat treatment were also studied with EDX and silicon 
mapping. Figure 6.9b shows the chemical analysis of the surface of the dried samples 
with heat treatment by EDX analysis. The samples with 30% and 50% TEOS loading 
with heat treatment have 13.7% and 24.0% silica, respectively (Table 6.3), which are 
5.8% and 6.0% higher than that of the samples without heat treatment, suggesting 
that heat treatment improves the silica condensation degree. The silicon mapping of 
the surface of dried samples with 30% and 50% TEOS loading with heat treatment 
shows that the silica network was also uniformly dispersed throughout the polymer 
matrix (S2 in Appendix 1).  
 
 
6.2.3 Thermal properties 
6.2.3.1 DSC analysis 
Figures 6.10 and 6.11 show the DSC results of samples without heat treatment. As 
TEOS increases, the Tg of the samples increased, suggesting a change in sample 
thermal property upon introduction of the silica network. This observation is in 
consistence with findings for sample using DTAB as surfactant. 
 
 
Figure 6.10 DSC results of dried samples with different TEOS loadings without heat 
treatment. 
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Figure 6.11 Glass transition temperature (Tg) of dried samples based on TEOS 
loading. 
 
 
Figure 6.12 DSC results of dried samples with different TEOS loadings with heat 
treatment. 
 
 
After heat treatment, the Tg values of samples with 30% and 50% TEOS loading 
remain at a low temperature (Figure 6.12), similar to that for the samples using 
DTAB as surfactant (Figure 5.12). This is probably caused by the stress relaxation 
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between the cross-linked polymer gel and silica network during the heat treatment at 
140˚C for 2 hours.  
 
 
6.2.3.2 TGA analysis 
Figures 6-13 and 6-14 show the TGA results of samples without and with heat 
treatment. The majority of weight loss occurs in the range of 300 - 450˚C. The 
samples with higher content of TEOS appear slightly more stable. However the 
addition of silica network did not affect much on the thermal stability of the 
templated PEGDA gel. This is in good agreement with findings for sample using 
DTAB as surfactant. 
 
Figure 6.13 TGA tests of dried samples with different content of TEOS loading 
without heat treatment. 
 
 
Figure 6.14 TGA tests of dried samples with different content of TEOS loading with 
heat treatment. 
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6.3 Nanostructure retention by silica network and by using low 
surface tension solvent 
This section will discuss the structure retention through reinforcement by a silica 
network and by using a mixed solvent n-hexane and ethanol with lower surface 
tension to remove the surfactant Brij 56 and dry the templated samples from this 
solvent. Section 3.4.3.2 shows the sample prepartion procedures. 
 
 
6.3.1 Structure retention in final dried samples 
In this section, the structures of X-PEGDA polymer are templated from hexagonal 
LLC and formed from non-ionic surfactant Brij 56 / water system. Silica network 
was formed through sol-gel method using TEOS as a silica precursor and 
hydrochloric acid (HCl) as a catalyst. Hexane and ethanol mixed solvent (H-E 
solvent) was used to remove the surfactant, Brij 56, from all the samples and the 
samples were dried from this mix solvent in vacuum.  
 
XRD was employed to understand the structures generated in samples dried from H-
E solvent. Figure 6.15 shows XRD profiles of dried samples with different TEOS 
loading. The sample without TEOS is featureless indicating an amorphous structure. 
The sample with 10%, 30% and 50% TEOS have a strong primary peak separately, 
indicating the ordered structures preserved. The d-spacings from the primary (100) 
reflection for samples with 10%, 30% and 50% TEOS are about 81.7Å, 78.4Å and 
76.4Å respectively (Table 6.4). The samples with 10%, 30% and 50% TEOS have a 
pore center to center distance of 93.4Å, 89.6Å and 87.3Å, respectively. With 
increasing TEOS loading, the d100 and pore center to center distance in dried samples 
are slightly decreased.  
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Figure 6.15 XRD profiles of samples with different TEOS loading dried from H-E 
solvent. 
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Table 6.4 Structural parameters of samples with different content of TEOS loading 
dried from H-E solvent. 
Dried samples with 
different TEOS content 
d100 / Å Center to center distance 
(α) / Å 
0% - - 
10% 81.7 93.4 
30% 78.4 89.6 
50% 76.4 87.3 
 
 
6.3.2 Comparison of samples dried from ethanol and H-E solvent 
The samples dried from H-E solvent preserved the LLC structure even with 10% 
TEOS loading, while the sample with 10% TEOS dried from ethanol (section 
6.2.1.3), did not preserve the ordered structure. This is probably because a) H-E 
solvent has a large volume ratio of hexane, which is a non-polar solvent, with little 
effect on silica reverse hydrolysis; and b) H-E solvent has lower surface tension than 
ethanol.  
 
The TEOS hydrolysis and final condensation are reversible reactions. When samples 
were soaked in ethanol, which contains –OH groups, to remove surfactants, the 
obtained silica will be partially hydrolysed to smaller molecules (Eq. 6.1 to 6.5) 
[105-106].  
 
Si(OR)ସ + HଶO   ⇌    HOSi(OR)ଷ + ROH                             (6.1) 
HOSi(OR)ଷ + HଶO   ⇌    (HO)ଶSi(OR)ଶ +  ROH                (6.2) 
                 (HO)ଷSi − OR +  HଶO   ⇌    Si(OH)ସ +  ROH                      (6.3)  
≡ SI − OR + HO − Si ≡   ⇌   ≡ Si − O − Si ≡  +ROH        (6.4) 
≡ SI − OH +  HO − Si ≡   ⇌   ≡ Si − O − Si ≡  +HOH        (6.5) 
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The hydrolysis will occur in a less extent when H-E solvent is used. This resulted in 
samples with higher silica content, as can be seen from Table 6.5 and Table 6.3. The 
samples with 10%, 30% and 50% TEOS loading have 3.8%, 11.8% and 23.0% silica, 
respectively, compared to 1.4%, 7.9% and 18.0% for samples dried from ethanol 
with the same TEOS loading. Within experimental error, the silica content of the 
samples dried from H-E solvent is very close to theoretical silica content calculated 
using the following equation:  
 
C୘ =
Cଵ  × MଵMଶ
Cଶ +  Cଵ  ×  MଵMଶ
                                  (6.6) 
 
where CT is the theoretical silica content, C1 is the percentage of TEOS based on the 
weight of PEGDA and TEOS, C2 is the percentage of PEGDA (C1 + C2 = 100%), M1 
is the molecular weight of silica, M2 is the molecular weight of TEOS. 
 
The high contents of silica obtained in the samples dried from H-E solvent suggested 
that the high volume ratio of hexane in H-E solvent hexane will prevent the silica 
from hydrolysing to small molecules. 
The effect of silica content on mechanical property of nanocomposite materials has 
been reported in the literatures. Rong et al. [142] revealed that the Young’s modulus 
of silica filled polypropelene composites increases almost linearly with increasing 
silica content. Valles-Lluch et al. [97] studied the effect of the silica content on the 
storage modulus and elastic modulus of poly(ethyl methacrylates-co-hydroxyethyl 
acrylate) / silica nanocomposites. The storage and elastic modulus increased as the 
silica content was increased. Kontou and Niaounakis [143] investigated the 
mechanical properties of two series of low density polyethylene / silica (LLDPE) 
nanocomposites. One was prepared by metallocene (mLLDPE) and the other by 
traditional Ziegler-Natta (zLLDPE) catalysts. Three micromechanical models were 
used to simulate the effect of silica content on composite mechanical properties, and 
results were in agreement with the experimental results that elastic and tensile 
strengths of LLDPE/silica nanocomposites increase with increasing silica content. 
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The improvements in the elastic modulus in composites of polyolefins with silica 
were also reported [99, 112, 144-145].  
 
 
Table 6.5 Silica obtained in final purified X-PEGDA gels calculated from TGA test. 
Samples with different 
TEOS loading 
Silica content in X-
PEGDA gels (%) 
Theoretical silica 
content a (%) 
0% - - 
10% 3.8 3.1 
30% 11.8 11.1 
50% 23.0 23.0 
Note: a calculated under the assumption that 100% PEGDA monomers were 
converted to polymer.  
 
 
Figure 6.16 is a simplified model presented in Chapter 4, the vertical component of 
solvent-air surface tension is balanced according to Young’s equation 4.1. The 
horizontal component of solvent-air surface tension, γl-a·sinθ, has to be overcome by 
the PEGDA polymer adhesive force, γa, to retain its structure. When samples were 
dried from ethanol, the ethanol-air surface tension, γl-a(EtOH), at room temperature is 
22.8mN/m and the contact angle of ethanol on X-PEGDA, θ(EtOH), is 12.3° (Table 
6.6 and Figure 6.17). The horizontal component of ethanol-air surface tension is γl-
a(EtOH)·sinθ(EtOH) = 4.9mN/m, which needs to be overcome by the X-PEGDA 
polymer. When samples were dried from H-E solvent, the H-E solvent-air surface 
tension, γl-a(H-E), is 19.3mN/m and the contact angle of H-E solvent on X-PEGDA, 
θ(H-E), is 11.3° (Table 6.6 and Figure 6.17). The horizontal component of H-E 
solvent-air surface tension is γl-a(H-E)·sinθ(H-E) = 3.8mN/m, which needs to be 
overcome and is lower than the horizontal component of ethanol-air surface tension.     
 
Comparing to the sample with 10% TEOS loading dried from ethanol, the sample 
with 10% TEOS loading dried from H-E solvent has a higher silica content with 
higher mechanical strength, and has lower surface tension and is able to preserve the 
original LLC structure.  
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Figure 6.16 Schematic illustration of surface tension status during vacuum drying: 
with solvent evaporating, the solvent-air surface tension works on the polymer wall.  
(P – X-PEGDA polymer hydrogel, S – Solvent, A – air.) 
 
 
 
Table 6.6 Chemical properties of solvents and the contact angle and uptake amounts 
with untemplated PEGDA polymer. 
Solvent Dielectric 
constanta  
Surface 
tension 
(mN/m) 
Contact angle on 
untemplated 
PEGDA polymer 
Solvent uptake of 
untemplated 
PEGDA polymer 
Ethanol 25.0 a 22.8 12.3 21.4 
Hexane 1.89 b 18.6 9.8 3.9 
H-E solvent - 19.3 11.3 15.9 
Note: a at 20°C cited from [146]. b at 30°C cited from [147].  
 
 
γs-a 
A 
θ 
γs-l 
P S P 
γl-a 
γa 
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Figure 6.17 Contact angle images of a) ethanol, b) hexane and c) H-E solvent on 
untemplated X-PEGDA polymer. 
 
6.3.3 Thermal properties 
The thermal properties of the samples with different content of TEOS were studied 
by DSC and TGA. Figures 6.18 and 6.19 show the DSC results of the samples with 
different TEOS loading. It can be seen that with the increasing content of TEOS, the 
Tg of the samples are increasing. This trend is similar to the samples dried from 
ethanol because the more silica the sample has, the more likely the polymer chain is 
restricted by the silica network. The sample with 50% TEOS dried from H-E solvent 
has a higher Tg than that of the one dried from ethanol, -22.2˚C (Figure 6.10). That is 
because the sample dried from H-E sample has a silica content of 23.0%, which is 
higher than that of the one dried from ethanol (18.0%). 
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Figure 6.18 DSC results of samples dried from H-E solvent. 
 
 
 
Figure 6.19 DSC results of dried samples with different TEOS loadings without heat 
treatment. 
 
 
Figure 6.20 shows the degradation properties of the samples studied by TGA. The 
degradation taken place in the range of 300 - 450˚C for all samples. The samples 
with a higher content of TEOS have a weight loss curve shifted slightly to the higher 
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temperature, again suggesting that the addition of silica network did not affect much 
on the degradation of the templated PEGDA gel. 
 
 
Figure 6.20 TGA tests of samples dried from H-E solvent. 
 
 
6.3.4 Cross sectional morphology 
 
 
Figure 6.21 Cross sectional SEM images of dried samples with: (a) 0%; (b) 10%; (c) 
30% and (c) 50% TEOS loading. 
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Figure 6.21 shows the morphologies of samples with different TEOS loading and 
dried from H-E solvent. In contrast to the sample without TEOS loading, the sample 
with 30% and 50% TEOS loading has no visible large pores from the SEM images. 
Due to the limitation of the resolution of SEM, the pore structures within 10nm 
cannot be observed. 
 
 
6.3.5 Hydrophilicity characterization 
 
 
Figure 6.22 Contact angle images of water on templated X-PEGDA polymer with: (a) 
0%; (b) 10%; (c) 30% and (c) 50% TEOS loading. 
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The contact angle measurements were performed to measure the surface 
hydrophilicity and the results are shown in Figure 6.22 and Table 6.7. The 
introduction of silica network significantly improves the material hydrophilicity. 
With an increasing TEOS loading, the contact angle becomes significantly lower. As 
can be seen, a contact angle of 59.1° was measured for sample without TEOS 
compared to 40.7°, 35.2° and 18.6° for samples with 10%, 30% and 50% TEOS 
loading. 
 
 
Table 6.7 Contact angles of water on templated X-PEGDA polymer surface  
Samples with different 
TEOS loading 
0% 10% 30% 50% 
Contact angle 59.1° 40.7° 35.2° 18.6° 
 
 
 
6.4 Conclusions 
6.4.1 Nanostructure retention by silica network templated from a non-ionic 
surfactant 
The nanostructures generated using non-ionic LLC, Brij 56 / water system as a 
template, and with a silica network introduced into the X-PEGDA gel to stabilize the 
hexagonal structures were investigated. Similar to samples obtained by using ionic 
LLC, DTAB / water system as a template, the lattice parameter is higher with 
increasing TEOS content. Upon polymerization, all the samples retain their 
hexagonal structures and the lattice parameter of the samples with TEOS becomes 
smaller due to the cross-linking of PEGDA and condensation of TEOS hydorlyzate. 
The center to center distance of the hexagonal arrays in the samples before and after 
polymerization templated from Brij 56 / water system is about twice of that of the 
samples templated from DTAB / water system, because Brij 56 has longer non-polar 
chain, which determines the diameter of hexagonal cylinder formed.  
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After surfactant removal and vacuum drying, the FTIR, SEM-EDX and silica 
mapping results indicate a silica network has been successfully introduced and well 
dispersed in X-PEGDA gels. The presence of a dispersed silica network helps the 
retention of the hexagonal structure templated from a non-ionic LLC. 
 
 
6.4.2 Nanostrucutre retention by silica network and by using low surface 
tension solvent 
Structure retention through reinforcement by a silica network and by using a low 
surface tension H-E solvent was investigated. The volatile H-E solvent (Vhexane: 
Vethanol = 15:1) with low surface tension was used to remove Brij 56 surfactant from 
the samples, which was then dried directly from H-E solvent. Samples with 10%, 30% 
and 50% TEOS loading preserved the LLC structure. The d-spacings from the 
primary (100) reflection for samples with 10%, 30% and 50% TEOS are about 81.7Å, 
78.4Å and 76.4Å. The samples with 10%, 30% and 50% TEOS has a pore center to 
center distance of 93.4Å, 89.6Å and 87.3Å. Samples dried from H-E solvent 
preserved the LLC structure even with low TEOS loading. This is due to the 
presence of a non-polar solvent that has little effect on silica reverse hydrolysis and 
lower surface tension. The introduction of silica network significantly improved the 
material morphology and hydrophilicity. 
 
CHAPTER SEVEN 
129 
 
CHAPTER 7 CONCLUSIONS 
The production of synthetic membranes with defined pore size and gradient structure 
has been intensively reported in the open literature. Polymeric materials with 
uniformly controlled nanostructures templated from hexagonal lyotropic liquid 
crystals (LLC) have been reported to possess potential applications in separation 
technology and the internal membrane properties and surface chemistry are critical 
for effective separation. However, retaining hexagonal LLC structure in polymeric 
materials is difficult and often the morphologies generated are not the same as the 
original LLC structure.  
 
In this study, a number of methods have been investigated leading to the 
achievement of structure retention in cross-linked X-PEGDA templated with 
hexagonal LLC. 
 
7.1 Nanostructure retention by controlling surface tension 
The structures formed in the X-PEGDA hydrogel system during the entire fabrication 
process were investigated. The results indicated that the hexagonal LLC template 
was successfully formed and the center to center distance for the hexagonal array 
was approximately 38Å. The hexagonal LLC structure is well retained in the sample 
after polymerization and in the wet sample after surfactant removal when the surface 
tension forces are maintained as zero. The surface tension, which can get up to 
71.7mN/m, during air or vacuum drying, was shown to deform the hexagonal 
structure in these materials. The sample dried via CO2 critical point drying with zero 
surface tension retains the hexagonal LLC structure. Controlling surface tension 
during the drying process is shown to be important for retaining the nanostructure 
templated from lyotropic liquid crystals.  
 
7.2 Nanostructure retention by a silica network 
As the addition of silica has been reported to produce a mechanical reinforcing effect 
in the polymeric matrix, X-PEGDA polymers reinforced with a silica network were 
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synthesized using an in-situ sol-gel method. The LLC was formed from an ionic 
surfactant, dodecyltrimethylammonium bromide (DTAB) / water system. The 
hexagonal phases were successfully formed with various content of silica. When 
TEOS is used as a silica precursor, it is hydrolyzed before casting for polymerization 
and its hydrolyzate is hydrophilic and stays in the water and PEGDA phases, thus its 
addition did not disturb the template structure formation. However, the lattice 
parameter increases with increasing TEOS loading. After polymerization, the 
hexagonal structures were retained for all samples and the lattice parameter of the 
samples with TEOS becomes smaller upon cross-linking of PEGDA and 
condensation of TEOS hydrolyzate. A well dispersed silica network was found for 
samples with up to 50% TEOS loading. The introduction of a silica network into the 
X-PEGDA gel appears to stabilize the hexagonal structure. 
 
The same results were obtained when a non-ionic surfactant, Brij 56, was used.  
Although the lattice parameters and some other properties are different, the 
hexagonal structure was retained for all samples after polymerization. The center to 
center distance of the hexagonal arrays in the samples before and after 
polymerization templated from Brij 56 / water system are about twice of that of the 
samples templated from DTAB / water system due to the longer non-polar chain in 
Brij 56, which determines the diameter of the hexagonal cylinders formed. The 
results indicate an opportunity to alter the material lattice parameter by changing the 
templating system. The addition of the silica network has little effect on the 
nanostructure of the templated X-PEGDA. 
  
7.3 Nanostructure retention by a silica network and by using a  low 
surface tension solvent for surfactant removal 
When a volatile hexane/ethanol mixture with low surface tension is used to remove 
the surfactant from the samples, all the samples with 10%, 30% and 50% TEOS 
loading preserved the LLC structure. The presence of a non-polar solvent such as 
hexane is important to prevent the reverse hydrolysis of silica during the surfactant 
removal step. The addition of silica was found to affect the thermal property of the 
resulting materials, due to restricted polymer chain mobility. This is evidenced by the 
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increase of the glass transition temperature, Tg, as TEOS loading was increased. The 
introduction of silica into the polymeric matrix also significantly improves the 
material morphology and hydrophilicity. 
 
 
7.4 Recommendations for future work 
In this study, the retention of ordered nanostructure in polymeric materials was 
investigated as this nanostructure is essential for the fabrication of efficient 
separation membranes. The following technical aspects can be considered for further 
improvements. 
 
1. Positron annihilation lifetime spectroscopy (PALS) was employed to measure 
the free volume (cavity size smaller than 1 nm) of the materials in this study. 
Furthermore, it would be possible to introduce the additional function of 
positron annihilation spectroscopy, age momentum correlation (AMOC) 
[148], to characterize the ordered nanopores of the materials with a pore size 
distribution within 10 nm. In addition it would be possible to measure the 
profile of the porosity across the thickness of materials using a variable 
energy positron beam [148]. Such studies might shed light on how the drying 
process affects the porosity. 
 
2. The current work focused only on X-PEGDA templated from the hexagonal 
LLC structure. Investigations of templating the LLC structure onto a variety 
of other polymeric materials with different functionality is worth doing. It is 
worth exploring polymeric materials with a glass transition temperature 
higher than room temperature as they could retain not only the original LLC 
structure but also the internal size of the hexagonal cylinders. 
 
 
3. The alignment of continuous cylindrical pores perpendicular to the membrane 
surface (Figure 7.1) can also be a subject of investigation. Materials formed 
by methods described in this study are randomly oriented in domains due to 
the dynamic nature of the hydrogel and the drying methods. 
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a)                                  b)                                      c) 
 
Figure 7.1 Alignment of LLC columns. 
 
4. Membrane preparation, characterization and performance testing: Future 
work should involve the attempt to prepare defect free membranes, templated 
from LLC, with cylindrical pores perpendicular to the membrane surface and 
spanning the entire membrane thickness. Furthermore these membranes could 
be characterized and tested in order to measure the membrane performance 
by selectively separating aqueous solution. This testing and validation could 
lead to optimizing the membrane preparation method. 
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APPENDIX 1 
 
 
 
 
 
S1. Silicon mapping of the surface of dried samples without heat treatment at 140°C 
for 2 hours: (a) 10% TEOS; (b) 30% TEOS; (c) 50% TEOS.  
 
 
 
 
S2. Silicon mapping of the surface of dried samples with heat treatment at 140°C for 
2 hours: (a) 30% TEOS; and (b) 50% TEOS.  
 
 
Figure S1 and S2 shows the silicon mapping of the dried samples templated from 
non-ionic surfactant Brij 56 / water system with different TEOS loading. The white 
spots represent the silica network. Based on these figures, the silica network was 
uniformly dispersed throughout the polymer matrix for all samples. 
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